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II. S~~~~~y of Work p.rf.r.m~ U.4 r  ~s Co tract

The basic goal of this contract has been to investigate thin insulating

Si02 films of the type used in modern metal-oxide semiconductor (MOS)

devices. It is well known that important reliability exposures of these devices

are due to various mechanisms leading to charge build up in these films. The

advanced techniques that have been developed at the IBM Research Center

have made it possible to clarify many of the physical mechanisms leading to

these effects. In addition our studies have increased our understanding of the

oxidation mechanisms that control the oxide growth rate. The initial proposal

for this contract contained the following areas of work:

1. Determine the location of charge impurities, trapped holes and electrons

using the photo I-V technique.

1. Study the effect of process technology and chemical compositions on the

trapping of the various charge species using avalanche injection and

photoelectric injection with automatic MOS C-V measurements.

3. Determine the effect of process technology and impurity content on the

radiation sensitivity.

4. Use shallow buried junctions to study hole mobility and to permit sepa-

rate measurements of hole and electron current. Relate this work to
F

breakdown mechanisms.

5. Study the effect of oxide processing conditions on the trapping character-

istics and radiation sensitivity.

I
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6. Study detrapping effects as a result of temperature, electric field strength

and optical excitation.

7. Study the reaction occurring at the metal-Si02 and metal-silicon interfac-

es using the techniques of Auger electron spectroscopy, x-ray diffract ion

and field dependent internal photoemission.

In the discussion that follows, the reference numbers will refer to the

publication numbers contained in part IV of this report. The photo 1-V techni-

que for charge location developed by D. .1. DiMaria24 has been used extensively

in numerous studies concerned with this work. The work of DiMaria, Weinberg

and Aitken t4 has shown that the positive charge generated in Si02 in response

to radiation resides near the Si-S102 interface (within 50 A). Soloman and

Aitken8 have studied the location of positive charge generated by the applica-

tion of large electric fields and they have found that it resides at the Si-Si02

interface and at the Al-Si02 interface and not in the bulk of the S102 as

suggested by other workers. DiMaria, Young, Hunter and Serrano21 have

studied the location of trapped electron charge, as a result of avalanche injec-

tion, in oxides containing implanted Al. The centroid of the trapped electronic

charge is shown to be close to the centroid of the implanted Al. The work on

implanted species has been extended in a subsequent paper by DiMaria, Young,

DeKeersmaecker , Hunter and Serrano22 to include implanted P and As with

reasonably good agreement between the measured trapped electronic ceniroids

and the centroids of the implanted species. DiMaria20 has also studied the

location of the positive charge due to trapped N~ ions in Si02 and his work, in

- 3 -
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agreement with the work of others, indicates that the N~ ions are close to

interfaces.

The effect of process technology on the trapping characteristics of Si02

has been studied in the paper by Young, B. A. Irene, Massoud, DiMaria,

DeKeersmaecker29 showing a significant difference between the trapping if the

measurements are made at room temperature as compared to 77 K. The

dominate traps for measurements at room temperature are distributed through-

out the bulk of the Si02. At 77K, the dominate traps are associated with the

Si-Si02 interface. This paper also discusses some work on the generation of

donor states in the vicinity of the Si-Si02 interface as a result of avalanche

injection.

One of the important discoveries related to this work has been the

observation by Aitken, Young and Pan3 that neutral electron traps are generat-

ed in Si02 as a result of the application of various types of radiation. The

radiations used are similar to those encountered during the construction of

useful devices by means of modern high density technology. The annealing

conditions required to eliminate these traps have been investigated indicating

that the temperature used for the conventional post metallization annealing

treatments is not sufficient. Aitken27 has extended this work to include sam-

pIes with polysilicon gate electrodes as well as the Al gates studied earlier. It is

more difficult to remove the “radiation damage” in these polysilicon gate

samples with by annealing treatments. We also have used our automatic

- . — - r ~~~~~ 
— . — - ~~~~~~~~~~~~~~~

~~~~~~~~~~~~~ ~~~~~~~~,, .
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avalanche injection apparatus to characterize the electron trapping resulting

from Al implantation discussed in papers by Young, DiMaria, Hunter and

Serrano.16
~

9. These studies have also been extended to include arsenic im-

plantation by DeKeesmaecker and DiMaria 10. We find implanted Arsenic is

particularly effective as an electron trap. Electrons trapped on sites resulting

from As and P implantation can be detrapped optically and this work has

suggested a new device for charge storage that we call the LASD (Light Acti-

vated Storage Device) described in a recent paper by DiMaria, DeKeersmaeck-

er and Young9.

Weinberg and Rubloff 5 have made some interesting observations con-

cerning effects appearing at the Si-Si02 interface as a result of the application

of non penetrating vacuum ultraviolet radiation VUV. The important differ-

ence between their work and earlier workers is the use of a negative gate bias

instead of positive gate bias. This has led them to propose an exciton model to

explain their results. It has been shown that the effects on the Si-Si02 inter-

face are similar to the effects previously mentioned in the paper by Young,

Irene, Massoud, DiMaria and DeKeersmaecker 29 resulting from avalanche

injection. Recent work by Weinberg, Young, DiMaria and Rubloff 30 has shown

that the effect of both of these sources of stimulation (VUV and avalanche

injection) can be increased if water is deliberately added to the Si02.

The avalanche injection apparatus can also be used to produced hole

currents in Si02 if the proper wave form is used. Aitken and Young4 have

used this technique to study the effect of processing conditions on hole trap-

- 5 -
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ping. These results are similar to those of earlier workers who have studied the

effect of oxide processing conditions on radiation sensitivity. This clearly

indicates that hole trapping at the Si-Si02 interface is the important mechanism

concerned with the positive charge build-up due to the application of radiation

to MOS devices.

It has been possible, as shown by DiMaria, Young and Ormond 18 , to

significantly improve the breakdown characteristics and decrease pre breakdown

leakage currents in the oxide above polycrystalline silicon. Electron traps are

deliberately added to the Si02. These traps charge up locally in the vicinity of

the asperities of the polycrystalline silicon, reduce the enhanced electric field

due to these asperities and nullify their effect. These observations offer a

solution for the polysilicon-oxide problem and in addition may suggest an

explanation for some observations concerning the breakdown of “normal

oxides”. Other contributions to high field breakdown are included in papers by

DiStefano and Shatzkes ’3 and by Soloman and Aitken8. - 

-

Accurate studies of the oxide growth kinetics have been possible by the

use of our automated in situ ellipsometer. This equipment has been used by 
. 

-

Irene6 to study the initial oxidation regime and by irene and Dong7 to study the

oxidation of heavily B and P doped silicon.

The combination of careful studies of the optical transmission and

photoconductivity of Si02 has led Weinberg, Rubloff and Bassous26 to con-

d ude that the band gap of Si02 is 9.3 eV. A wide scatter in the results of

previous workers has suggested the need for this work. The electronic structure

- 6 -
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of Si
~Ge t 1 O2 compositions is described in a papers by Fischer , Pollak and

DiStefano , Grobman, and by Pantelides, Fischer , Pollak and DiStefano.

Major Acco.pUs~.ents Suamar~zed

1. The photo I-V technique for charge location and the avalanche injection

technique for trap characterization have been developed and applied to

numerous problems.

2. The location of the charge centroid due to charge trapped on sites

result ing from P, As and Al implantation coincides with the centroids of

the implanted profiles.

3. The generation of neutral electron traps in Si02 as a result of radiation

has been observed.

4. In”normal oxides” the dominate traps at room temperature are distribut-

ed throughout the bulk of the Si02 and the dominate traps at 77 °K are

located in the vicinity of the Si-Si02 interface.

5. Electrons can be detrapped optically from sites due to P and As implan-

tation.

6. Traps can be used to improve the electric breakdown characteristic.

7. An exciton model has been proposed to explain effects resulting from the

application of VUV.

8. The generation of donor states in the vicinity of the Si-Si02 interface has

been observed as a result of the application of VUV or of avalanche

injection.
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9. The band gap of S102 has been determined to be 9.3 eV. 
+

10. The relationships between the oxide processing conditions and the

electron trapping characteristic of normal Sz02 has been determined. 
- +

‘
I
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TRANSMISSION , PHOTOCONDUCTIVITY . AND THE EXPERIMENTAL ‘

BAND GAP OF THERMALLY GROWN Si02 FiLMS’

Z.A . Weinberg, 6W. Rubloff , and E. Bassous

IBM Thomas 3. Watson Research Center

P.O. Box 218

Yorktown Heights, New York 10598

r .ABSTRACT

Optical transmission and photoconductivity spectra (7-14 eV) and the field dependence of
P 5

photoconductivity are presented for thermally-grown (amorphous) Si02 films. It is argued that

the clearest experimental determination of the band gap in Si02 can be obtained from the field

dependence of photoconductivity and its similarity to internal photoemission; a band gap of

9.3 eV for amorphous Si02 is deduced from the data : .  view of this result some recent

experimental band gap determinations are criticized and the literature on this subject is
examined.

The transmission experiments were performed on thin thermally-grown (amorphous) S102

films (450 A — 5000 A) produced by etching off the silicon substrate and using a fabrication

method which is described in detail. The photoconductivity measurements were performed on

‘This work was supported in part by the Defense Advanced Research Projects Agency, the

Department of Defense, and monitored by the Deputy for Electronic Technology (RADC)

under contract No. F I 9628-76-C-0249.

Ha If: 32000 , ISRAEL 
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AI—S102—Si structures (Si02: 600 A -. 3500 A). Diode experiments for detecting photolu-

minescence and possibly excitons are also described. The upper limit on photoluminescence

yield was determined as I 0~ .
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I. INTRODUCTION

The experimental determination of the band gap of Si02 is a diffic ult task because of its 
+

¶ 1
long absorption tail and the presence of exciton effects in its optical spectra. It is not

surprising, therefore, th at the experimental band gap is found to vary quite widely in the

literature . In this paper we review the subject and propose that the field dependence of

photoconductivity can be used to deduce a band gap of 9.3 eV for Si02 1 (for more discussio~i

of this value see section Ifl). This method is quite diffe rent from the conventional procedure

of extracting a threshold from spectral data , a procedure which is subject to many complica-

tions as is explained throughout section II. This section also describes in some detail our

measurements on transmission and photoconductivity of thermally grown Si02 films.

In spite of the considerable attention devoted to studies of Si02, the character of its band ~~
. +

gap remains unresolved both experimentally and theoretically and its experimental value is

found to vary anywhere from 5 to 12 eV in recent literature2
~ . In order to further illuminate

this issue, we present below a review of the experimental values of the band gap, found

+ scattered in the literature , including the newer results which are not confirmed by our data.

On the theoretical side, Griscom5 has published an excellent review of the electronic structure

of Si02 and its spectroscopic aspects; an elegant summary of theoretical advances has been

offered by Pantelides6; and for more recent advances the reader is referred to ref. 7. For the

+ sake of completeness we shall mention here, only briefly, the recent theoretical predictions

regarding the S102 band gap. Mott, in his review article8, estimated the band gap to be at

about 10.6 eV, i.e. above the first peak in the optical spectra (10.45 eV in Fig. 4); however ,

he has since accepted the view that the band gap is at about 9 eV (largel y on the basis of the

data presented in this paper and in ref. I) and he proposes that it is indirect with the 10.45 eV

peak being a direct gap exclton9 (presumably below a higher lying direct gap). Chelikowski

and Schlttter ’s band structure calculationt° for crystalline a-quartz yielded an indirect band gap

of 9.2 eV and the lowest direct gap was found to be 9.8 eVa . Schneider and FowIer t2 and
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Calabrese and Fowler~3 fi nd the band gap to be direct forbidden. Ciraci and Batra ’4 have

computed a direct gap at 9.8 eV for the idealized form fi-cristoba lite. While all the above

band structure calculations neglect the important electron-hole interaction , it has been
p

incorporated into the calculation of the optical absorption spectrum for the first time by

Pantelides t 5 , who finds that electron-hole interactions have a strong effect so that excit onic

peaks dominate the entire spectrum.

One of the earliest measurements of absorption in quartz (extended to 844  eV) was

reported by Groth and Weyssenho ff ’6 and their data was the basis for Williams ’s band gap +

est imation of 8 eV 17 . Photoemission of holes from silicon into thermally grown Si0 2 was

reported by Goodman~~. with the energy difference between the conduction band edge in the

silicon and the valence band edge in the oxide given by about 4.9 eV. This yields a band gap

of 8.0-8. 1 eV when combined with the energy difference between the conduction band edges

of silicon and Si02, which has been m uch more firmly established at 3.1-3.2 eV1920. The

earliest reflectance spectrum of Si02 (in the form of natural brazilian quartz) was reported by

Loh 2 ; he identified the first spectral peak (— 10.4 eV) as excitonic and crudely estimated the

band gap to be above it , at about 11 eV. The excitonic assumption was further strengthened

by the observation of PlatzOder 22, on a-quartz , that the first two reflectance peaks are

temperature dependent. More refined reflectance spectra of crystalline and fused (amorphous)

quartz were published by Philipp23 ’24. Although Philipp did not attempt to estimate the band

gap energy from his spectra , Powell and Derbenwick 25 used Philipp ’s results to conclude that

the fundamental absorption edge of Si02 is at approximately 9 eV. In the same paper25 the

authors suggest a band gap of 8.8 eV from their measurements of hole trapp ing in thermally

grown Si02 films illuminated by vacuum-ultraviolet (VUV) photons. 
+

Until recently, the most accepted band gap value was due to DiStefano and Eastman 26 ,

who determined an interband gap of 9.0 eV by fitting their photoconductivity spectra

(performed on a 5000 A thermally-grown Si02 fil m) to a parabolic absorption edge character-
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istic of an indirect band gap. They also determined a band gap of 8.9 ± 0.2 eV from pho-

toemission of electrons from Si02 into vacuum (for which they place the threshold at 10.2 eV)

and similarly from silicon through 150 A of Si02 into vacuum (for a review of these results see

ref. 5) . We note in passing that the 8.9 eV value would be revised upward to 9.3 eV if one

assumes that the valence band edge of Si02 lies at 10.6 eV below vacuum , as indicated by

Ibach and Rowe27 from electron energy-loss spectroscopy measurements on thermally grown

Si02 fil ms.

In contrast to the above tTend , the region for creation of electron-hole pairs has been

placed much higher (above 12 eV) by Zakis eg. al.25 (see also Trukhi n , below) — and on the

other hand much lower band gap values were proposed by Stephenson and Binkowski2 . The

latter authors observed a soft shoulder in their X-ray photoelectron spectroscopy (XPS) data

obtained on a-quartz and fused silica , but this was absent in OH-rich silica glass. They

propose the following lower and upper limits on the Si02 band gap: 5.55-7.8 eV for a-quartz ,

5.05-7.3 eV for fused silica, and up to 8.3 eV for OH-rich silica. These results have alread y

been criticized by Griscom5 on the basis of defects introduced in the surface of the sample

du ring its preparation by vacuum milling. We add here that such low band gap values would

i mply unreasonably low barriers for hole injection from the electrodes into Si02 in metal-

oxide-silicon (MOS) structures. These have not been observed although such low barriers

would have been easily seen because holes conduct quite readily in Si02 at room

te mperature 29’30. Inte restingl y, in contrast to Stephenson and Sinkowski , Kaminow et. a!.31

fi nd that the absorption edge of their dry silica occurs at an energy 0.2 eV higher than for

thei r wet silica. 
.+ 

+

More recently, Trukhin 4 published photoconductivi ty spectra of crystalline quartz, fused

silica , and thermally grown Si02 fil ms on silicon. For all his samples the data show an

+ exponential rise from about 8.8 eV with some rounding observed above 12 eV (Fig. 5 in ref.

4). Tr ukhirt interprets his data as evidence’for a direct band gap of 12 eV and a lowest band
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gap of 9.5 eV. Trukh in s photo conduct ivi ty  spectra and likewise the earlier photocon duct ivity

results of takis et. a!. ~ are completely incon st stcn t  with our results (see Fi g. 7) and those of

DiStefano and Eastman 2
~ . Appleton et. al. ~ have measured transmission and photoconduct iv-

i t s of a -qu ar t ,  and vi t reous SiO~, a nd su ggest , following Mott 5 , a direct band gap of 10.6 cV

with  the possibili ty of a lower indirect hand gap of about 9 eV.

In a more elaborate band gap de te rmina t ion  Powell and Morad3 obtain a value of ~ 0±0.2

eV . which is the same threshold they f ind in the absorption coefficient , pho t oconduc t ivity

spect ra , and positive charging effects  of thermal ly  grown Si02 films. We find ourse lves in

disagreement with this  result. First , the thresholds in these spectra cannot be determined very
‘S

accurately because of interference and internal  photoemission effects , as is described in section

II ;  and secondly, the threshold of spectral data may not represent the band gap, as is explained

in section I l l .

In addition to the above literature , many papers have dealt with the optical absorption

edge of various glasses , which is general ly sensitive to impuri t ies  and radia tion damage.

References on these subjects can be found in the reviews by Sigel 33 and Lell et. a!. 34 .

II. EXPERIMENTAL RESULTS

Init ia l ly ,  the transmission experiments (section h A )  and photoconductivity measurements

(section lIB) were motivated by the need for accurate data on the optical absorption coeffi-

cient and on electron-hole separation in Si02 to supplement our experiments on the possibility

+ 
of exciton migratio& ’35 . It developed that our results did not confirm the band gap determi-

nation presented in recent publi cat ions2 4 , and therefore , we shall emphasize in this section the

points of disagreement and the difficult ies in extracting a threshold from the spectral data.

+ 
Instead , we propose that the field dependence of photoconductivity (section IIC) may be a

better means for band gap determination.
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The three device structures used in our study are illustrated schematically in Fig. I .  Thin

oxide membranes (Fi g. Ia) were used for transmission measurements , MOS structures (Fig.

Ib )  were employed for photoconductivity studies, and the diode structures (Fig. Ic) were used

in an attempt to detect excitons and photoluminescence . More experimental details are found

in the appropriate section below.

In each of the experimental arrangements the incident ultraviolet photon flux was

monitored by the fluorescence of a sodium sahicylate layer 36 which is assumed to have an 
+ 

+

approximately flat conversion efficiency of VUV to tower energy photons, which are then

detected by a photomultip lier. VUV light was obtained from a McPherson model 225

monochromator equipped with a H2 discharge lamp and an Al/MgF2-coated grating of 1200 ‘ 
1

lines/mm. The samples were mounted approximately 3 cm away from the monochromator ’s

exit slit , which was open to 1.0 mm , giving a wavelength resolution of 8 A (FWHM ).

A. TRANSMISSION THROUGH THIN OXIDE MEMBRANES

I) Membrane Preparation.

As described by Powell and Morad 3 (abbreviated here in as PM), thin oxide membranes

produced by the anisotropic etching of silicon,37’38 can be used for measuring optical transmis-

+ sion. PM have used the simplest technique of membrane preparation where the initial thick

oxide used as an etching mask is also the final oxide to be studied (reduced in thickness during

the silicon etching). Although we have also tested this technique , a more elaborate fabrication

method was adopted in order to retain better control over the processing and thickness of the

final oxide. The techni que employs a layer of Si3N 4 for protection , as described below.

Oxides, 400 — 600 A thick , were thermally-grown in dry 02, steam , or dry °2 with 1-ICI

(4.5%) ambients. These ultrathin membranes are suitable for measuring transmission in the

stro ngly absorbing region of Si02 (~~ 10 eV). To extend the measurement to the less absorb-

ing region, membranes with about 1000 A and 5000 A of dry oxide were also prepared. A
photograph of a typical membrane is shown in Fig. 2. It was found that the elongated
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structure gives better support to the membrane and that  the sinusoidal pattern produced b y

interference (due to the slight wrinkling of the f i lm)  is a good indication of the membrane

integrity. These membranes have exhibited a remarkable resilience during final fabrication and +

handling steps. We proceed to describe the membrane preparation method in some detail since

it includes a few novel steps.

Silicon wafers 57 mm in diameter , 0.4 mm thick , polished on one side , (100 ) oriented , 2-S +

0-cm p-type were thermally oxidized to a thickness sli ghtly above the final desired value. The

oxidation conditions investigated were : dry 02 at 1000 °C; dry 02 with 4.5% HCI at 1000°C;

and wet oxidation at 800°C. The oxides were then coated with I 500 A of CVD Si 3N 4

deposited from SiH 4 and NH 3 at 800°C. The purpose of the S13N 4 film is to protect the initial

SiO2 during the anisotropic etching of the silicon. A second wet oxidation was performed to

+ 
grow 5000 A of SiO, on the unpolished back-side of the wafers. Using standard photo lithog-

+ rap hy, a pattern of rectangular openings ( l . 4 2 m m x O . 8 l m m )  and a grid defining chip sizes

were etched in the back-side oxide with the pattern aligned parallel to the wafer flat or < 110>

direction. The silicon was then etched through this pattern by an anisotropic etching solution

containing 12 gm pyrocatechol . 75 ml ethylene diamine , 6 ml of H,0, (30° o) ,  and 1K ml of

water. At its boiling point of 118± 1 °C, the solution etches (100) silicon at about 1 3Ot~m per +

hour which is approximately twice the rate of the more commonly used etchant 39 ’40 without

H202. Etched cavities were formed with the 4 convergent 1 1 1 1 1  walls inclined at 54. 7 ° with 
+

respect to the water ’s surface. The wafers were removed from the etching solution when the

etched silicon thickness reached 3-10 ~m as determined by monitoring the membrane transpar-

ency under a microscope . To form the free Si02 membrane , the S13N 4 film was etched in

boiling H 3P04 at 180 °C followed by removal of the underly ing thin silicon by the anisotropic

etchant. The latter step was carefully controlled to minimize etching of the back side of the

Si02. Since the etching rate of SiO, is slow (approximatel y I 30 A per hour) . we estimate that

at most a S A layer ot Si02 might be removed in this step. The wafers were then separated

into chips by breaking them along the grid lines defined by the etching. The yield of good
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membranes was about 20% . The oxide thickness (± 1%) was measured by ellipsometry on

each chip, adjacent to the membrane, after the transmission experiment was completed .

2. Experimental Results

Several chips were mounted in a rotary holder , with thei r oxide side facing the light

source , as shown schematicall y in Fig. 1(a) . One of the chips had its oxide etched off to serve

as a reference. The transmission data were obtained by dividing the oxide signal by the

reference signal after each had been corrected for the scattered ligh t contribution. Corrections +

for small differences in membrane sizes were done , initially, by etching the oxide off and

calibrating the aperture’s transmission relative to the reference. Alternatively, a simpler

procedure was adopted (which is probably more accurate) : where the transmission was

normalized to unity at the interference peak at low photon energies , which is the theoretical

+ value for a transparent film. Such transmission data are shown in Fig. 3 for three oxide

thicknesses of 436, I 100, and 5 110 A.

The absorption coefficient (a) was evaluated by an iterative procedure from the transmis-

sion (T) using the exact formula as described in Appendix A. In the calculation the initial

values of k were taken from Philipp4’ while his values of n were assumed throughout , where +

n—ik is the complex index of refraction. For the range where T<0.2 the error resulting from

the use of Philipp’s data for n is small: a ±10% change in n yields a change of ±2% , or

smaller, in a. The absorption coefficient is shown in Fig. 4 and the tail region is shown on an

expanded scale in Fig. 5. Fig. 4 gives a comparison between our results for a 436 A Si02 film ,

Philipp ’s Kramers-Kronig analysis of fused silica reflectance data , and PM’s results for a 580 A
Si02 fil m. We have found it necessary to shift Philipp’s data by + 0 75 eV to align the 

+

position of his first peak with ours and that of PM. It is not clear whether this small shift is

due to a real diffe rence between thermally-grown Si02 and fused silica or to errors resulti ng

from the Kramers-Kronig analysis. As seen in Fig. 4, good agreement is found between

Phillpp ’s data and our results over an appreciable energy range . The discrepancy above about
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11.5 eV might be due to the appreciable scattered light correction in our data in this region. 
+

The discrepancy below about 10 eV, again , is due to either real differences between the oxides

or to errors in Kramers-Kronig analysis. The discrepancy between our result and that of PM is

much larger than our experimental error and, in our opinion, cannot be explained by differ- 
+

+ 

ences in oxide processing. The accuracy of a in our data is estimated to be better than ±2%

for the region where T<0.2 , which applies from about 9.2 eV for the 51 10 A film to about

+ 
11.3 eV for the 436 A film. Above 11.3 eV the scattered light correction becomes appreciable

and the error could be as high as 10%. The reproducibility of a among membranes of va riou s

oxide thicknesses and processing, as described in the previous section , has been within ±5%.

The absorption tail region is shown in expanded scale in Fig. S and a few points from

measurements on thin vitreous silica by Appleton el. a!.32 are also shown. In our results it is

I evident that when the transmission approaches unity (Fig. 3) the errors in a become larger and

interference effects cannot be entirely corrected by the use of Phi-lipp ’s optical constants.

There fore, we consider our results to be reliable only down to about 9.2 eV for the 5110 A
film. Similarly, the Kramers-Kronig analysis of Phil ipp ’s data is also questionable in the tail

region. The data of PM show much stronger absorption than even the data of Appleton er. a!.

on vitreous Si02, which is not reasonable considering the high purity of thermall y-grown Si02.

We conclude this section by remarking that the 8 eV threshold determined by PM (Fig. 2

in ref. 3) from a square root fit of the absorption tail seems very doubtful in view of the low

reliability of the measurement in the absorption tail on ultrathin films, as discussed above.

B. PHOTOCONDUCTIV ITY SPECTRA
S

I)  Experimental

MOS capacitors were mounted in a manner shown schematicall y in Fig. 1(b ) .  The

photocurrent flowing in the oxide was measured on the substrate side (1) and a mask was

employed to shield the unmetal l ized regions of the Si02 and to collect secondary emitted
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electrons. The use of a mask is important since VUV light impinging on the exposed regions

of the oxide will charge up these regions and cause current to flow through the oxide , resulting

in erroneous current readings. Similarly, erroneous readings will occur if secondary photoemit-

ted s ~ectrons can reach the contact region where the current is measured. The proper func-

tioning of the mask has been verified by checking that varying the mask voltage did not affect

the current readings, especially at low photon energies where the oxide currents are small. As

a matter of routine the mask was held at + 15 V with respect to the gate. An in situ caLibra-

tion of the light intensity was obtained by rotating the sample holder away from the beam and

using the same detection method as explained in the introduction to section II.

The oxides were thermally grown on (100), 2 0-cm, p-type, silicon wafers. Thicknesses

up to about 1000 A were prepared by a dry oxidation followed by S m m .  anneal in an argon

ambient. Higher thicknesses were prepared by a dry-wet-dry oxidation with a similar anneal ,

all done at 1000°C. The wafers were all metallized together with a pattern of aluminum dots,

1.23 mm in diameter and about 160 A thick. The contact was initially made on a thicker Al

pad but it was found that direct bonding to the thin Al is simpler and serves equally well.

2) Results and Discussion.

The spectral dependence of photoconductivity is shown in Fig. 6 for three oxide thick-

nesses of 575, lOI S, and 2310 A, with the region at low photon energies multiplied by 10 for

clarity. As explained below, the tail also contains photocurrent contributions resulting from

internal photoemission (IPE) from the aluminum. The data shown are uncorrected tot

reflecta nce or interference effects. Such corrections were attempted but have been found

inadequate, presumably because a 3-layer structure requires a more precise knowledge of all

optical constants.

The data of Fig. 6 show a more complete and a more complex behavior than previously

published. Clearly, the determination of a threshold , or a band gap, from such data is difficult

1 
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in view of the obvious strong interference effects and appreciable internal photoemission

contribution at low photon energies. It is interesting to compare our results with the literature.

DiStefano and Eastman 26 extracted a 9 eV band gap by fi t t ing a portion of their photocondu c-

tivity data , obtained on a 5000 A Si02 film , to a parabolic absorption law. However, we have

determined that interference effects persist even for higher thicknesses (measurements were

carried up to 3500 A and absorption calculations up to 6000 A); therefore, their fitting

procedure is somewhat unreliable. Powell and Morad 3, on the other hand , observed an 8 eV

threshold in their photoconductivity measurements on 1034 A of Si02 ; again , interference

effects and IPE contributions make the agreement between this value and their absorption

coefficient threshold seem quite coincidental. Trukhin ’s4 photoconductivity spectrum shows a

plateau that begins only above 12 eV. We think that his results are erroneous because his

samples were covered with LiF and also possibly because of inadequate shielding against

secondary electrons which interfere with the current readings.

The data of Fig. 6 exhibit an approximate plateau above about 10 eV, with the structure

in this region being par tiall y due to variations in reflectance (especially near 10.5 eV) and
+ 

partially due to a varying loss of carriers by recombination near the aluminum as light is

+ 

absorbed closer or further from this electrode. Nevertheless, the photoyield in this region is

approximately unity, as determined from an absolute intensity calibration of the detector ,

performed at a lower photon energy ( -  5.5 eV). This high yield rules out the explanation + +

+ offered by Mott8 that the currents below about 10.5 eV result from excitons which migrate to

the aluminum and give up their energy to electrons in the electrode , thereby injecting some of +

+ them into the oxide (this mechanism , similarly to IPE , should have quite a low yield). +

S
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C. PHOTOCONDUCTIVITY FIELD DEPENDENCE

In view of the difficulties with the spectral dependence, more insight can be gained by +

examining the dependence of the photocurrents on the electrical field. This is shown by the +

series of curves in Figs. 7-9, for photon energies in the range of 2.6 eV<hr’( I 1.1 eV which

extends from below the energy bamer for IPE to above the main threshold of photoconductiv-

ity in the oxide. The curves of Fig. 7 were obtained with a visible-UV monochromator and

those of Figs. 8 and 9 in the VUV monochromator . All data were taken on the same device

+ and normalized to unity at their highest point. Measurements on samples with other oxide +

thicknesses gave the same results, hence the data shown are free of interference effects. The

data were taken with a negative bias on the Al electrode and are discussed below. For positive

+ bias , the following observations were made: For h,> - 10 eV, the curre nts display a complicat-

ed dependence on time and field , due to hole trapping at the interfaces29’43 . For

—8.5 eV<hr<—l 0 eV, the currents are steady and equal to the negative bias case, which is

consistent with absorption mainly throughout the Si02 bulk. For hr< -8.5 eV the currents are

smaller than for negative bias since they originate from IPE from the silicon.

The change in curvature in Fig. ~ is associated with the transition from mainly photon

assisted tunneling~ to IPE which , as has been shown by Powell,20 occurs at hr 
~~ where

•~ (3.1 5 eV) is the barrier height between the Al Fermi level, EF, and the oxide conduction

band. In Fig. 7 the square root of the yield is plotted since in the simplest form of IPE , the

yield Y is given by

Y_ A ( h r _ ,5 + A,)m (1)

where A is a constant, 
~~ 

the image force barrier lowering, and m is a parameter which

characterizes the energy distribution of the photoexcfted electrons, It was previously conclud-

+ ed from 1PE45 and photon assisted tunneling experiments44 that for injection from Al into +

+ Si02 m’ 2 , which corresponds to the photoexcited electrons being uniformly distributed in

+ 
— 2 ~~ — +

_ ___  ____

,. ~~~~~~~~~ ~~~



r ~~~~~ ;~~T-~~~ 
+

~~~~~~~~~~~~~~~~

_
--

~~
—-

~~~~~ 

.— ---_ -- + —_. —,---- + —-+ - , + --
~

--_-

~

___________________

energy up to EF + hr . The field rather than its square root , as predicted by the classical image

force theory, has been used in the figures , since the latter tends to exaggerate the relatively

unimportant low field portion of the curves.

The transition from IPE to absorption and photoconductivity in the oxide is apparent in

Fig. 8. At 7.72 and 8.34 eV the curves display a behavior which is due mainly to IPE (which

increases only weakly with field); in contrast , the curve at 8.63 eV shows a sharp increase of

cu rrent at higher fields which indicates that oxide photoconductivity becomes larger than IPE .

The general behavior of the curves in Fig. 9 is similar to that of Fig. 7. This is not

surprising since the separation of an electron from the hole wi th in  the oxide is not too

different from the separation of an electron from the screened hole in the metal. Aside from

the more subtle differences between the two cases , associated with the escape probability

(dielectric constant, energy levels, etc.), the energy distribution of the photoexcited electrons is

certainly different. For absorption , the distribution in energy is probably fairly narrow which

leads to a uniform distribution in the component of momentum in the direction of escape

parallel to the field; this in turn gives m= I in eq. ( 1) .  Therefore we chose to plot the yield

rather than its square root in Figs. 8 and 9. Similarly to IPE (Fig. 7) , where the change in

curvature is associated with the barrier height , we associate the change in curvature seen in

Fig. 9 with the Si02 band gap and deduce that E5 9.3 eV. This assoc~ ~ion and the 9.3 eV

value are , obviously, subject to a more detailed modeling of the problem.

D. DIODE EXPERIMENTS -

A schematic illustration of the diode experiment is shown in Fig. Ic . Shallow junctions

(“1 ~.sm) were fabricated by standard diffusion processes in the silicon substrate, and the oxide

was grown over them. Both n/p and p/n diodes29 were used and the oxide was unmetaflized.

Several oxide thicknesses in the range 450-1350 A were used. The diode ’s contacts were
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shielded from light and from secondary electrons and the current (I) was the signal induced by

the VUV light .

The diode, obviously, is a detector for photons and in principle could detect excitons too,

provided that excitons diffusing in the SiC)2 can cross the Si-Sit.)2 interface. Such excitons F
would separate in the silicon into free electrons and holes and be detected much the same as

photons which are absorbed in the silicon near the Si-SiC)2 interface.

Because it is difficult to determine an absolute calibration for the diode signal, the data

was normalized to the calculated transmission of the oxide in the transparent region ( ‘8  eV).

The diode signal was then compared with the calculated transmission for the rest of the

spectrum (up to 12 eV). It was found that the diode signal was always larger by about a

factor of 3-10 than that predicted from the calculated transmission in the absorbing region

(over 9.8 eV). This “extra ” signal was found to decay exponentially with the oxide thickness

(in the range 450-1350 A) and therefore could not be due to photoluminescence. A possible

explanation of its origin is as follows: if only the initial “hot ” excitons (i.e. before they

recombine or relax to lower more stable energy levels) can cross the Si-Si02 interface , then the

“extra ” signal originates from a region near the Si-Si02 interface extended by the distance

these “hot ” excitons can travel. To explain the data this distance is about 150 A. These

findings merit further investigations.

The diode experiments provide, however, two useful results. They approximately confirm

the transmission results of the membrane experiments and they provide an uppe r limit on

photoluminescence. At 10.2 eV (the peak intensity of H 2 discharge) the diode with 1350 A of

Sf02 showed a normalized signal of “i0~ . Since the diode provides the best geometry for

collecting photoluminescence, this value can be taken as an upper limit on photoluminescence.

This result confirms the previous observation of one of us29 that recombination is nonradiative

in pure SiC)2. We point out here that PM’s 5x i0~~ limit on photoluminescence efficiency was

computed erroneously because the geometrical arrangement of the membrane experiment does

— 30 —
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not allow good collection of photoluminescence. The intrinsic limit on luminescence collection

is placed by the Brewster angle (total internal reflection) given by 
~ b — arcsin~ l / n )  where n ,

the index of refraction of Si02, is ~ J~94I for hr-9 eV. The solid angle defined by 8h yields a

photon escape efficiency from the membrane of only (l—cosH b )/2 0.075 which rises to 0.13

for n=l .5  (in the visible) .

Ill. DISCUSSION AND CONCLUSIONS

The presence of strong electron -hole interaction in a material like SiC)2 raises the question

of whether a single value for the band gap is at all meaningful.  In the amorphous form the

disorder even further complicates this question. Obviously, we cannot resolve this issue here ,

but we point out that it is difficult to deduce the band gap solely from optical data , si nce ‘

excitonic and band-to-band absorption are indistinguishable in the optical spectrum. Band

structure calculations for crystalline Si02 which neglect the electron-hole interaction predict

various values for the band gap9 1 4  and , in addition , they point to a common conclusion that I
~ -ithe onset of band-to-band absorption is weak (e.g. the one-electron joint density of state of

ref. 9 Fig. 6), and that the first spectral peak ( 10 . 4 5  eV) and its long tail are predominantly

excitonic. Higher peaks may have substantial excitonic origins as well15.

More insight concerning the band gap issue can be gained when experimental transport

properties are taken into con~ideration . It is well known that thermally-grown Si02 possesses

a well defined and sharp conduction band edge; evidence for this comes from the well defined

barrier observed in internal photoemission (IPE) experiments20’~~, from the lack of thermal

activation on electron mobility 47 (see discussion by Mott 8), and from the relatively small

electron trapp ing in dry Si0245 . Our photoconductivity field dependence data (section IIC)

display a behaviour which is similar to IPE and which contains a transition energy at hv=9 .3

eV. In analogy with IPE we identify this energy as the “barrier height” for phOtoionization

(electron-hole separation) in thermally-grown (amorphous) Si02 and propose that this is the

most direct experimental estimate of the hand gap. Obviously, it is not possible to specify
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whether this is a direct or indirect band gap or the sum effect of both, especially since these

band gaps are found to be very close in self-consistent band structure calculations (9.2 and 9.8

eV. from refs. 10, 11) for a-quartz, and may be even furthe r intermixed in amorphous 5i02.

Regarding the nature of the experimental band gap it has been implicitly identified as indirect

both by DiStefano and Eastman26 (DE) and PM3 because they both fit portions of their data

to a (hv—E 8)
2 behavior (see also ref. 5 section 4.2). DE obtain E5— 9 eV by fitting photocon-

ductivity data, while PM obtain E5’-S eV from absorption coefficient data. Our estimate of

eV is more consistent with DE although we find that interference effects do not permit

definite conclusions to he drawn from such fits.

With E~~9.3 eV it remains to explain the absorption tail which extends down to at least

8.4 eV (see Fig. 5) and in various silica glasses to below 8 eV32. In our opinion the tail is due

to one or both of the following edge-broadening effects:

1) An Urbach tail which originates from excitonic absorptIon which is broadened by electric

microfields49 (localized fields which fluctuate both in time and space and which originate from

intrinsic effects such as disorder and phonons and from extrinsic impurities). Urbach tails 50

are exponential edges usually seen below the absorption edge of insulators 51 . While an

extended exponential edge is not seen for Si02. our absorption coefficient data (Figs. 4,5)

show approximately exponential behavior in the range 9.2 eV<hr<- 10.2 eV, corresponding

to about 2 decades in a.

2) Broadening due to band tailing at the valence band edge. Evidence for such band tailing

comes from the work on hole conduction at various temperatures in thermally grown Si02

fiIms 30
~
52’53. Molt8 estimates the range of band tailing to be only 0.1 eV; however, Curtis and

Srour 53 model their data with extended trapping in the range of 0.5 eV.

Aside from the band gap issue it is interesting to note that even at relatively high fields

()2x 106 v/cm) the photocurrents of Fig. 9 do not saturate. This indicates that an apprecia-

ble fraction of the electron-hole pairs are not dissociated by the applied field , and by definition
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remain then as excitons. The field dependence of Fig. 9 cannot be attributed to any other

phenomena , such as (rapping of free carriers (Schubweg effects ) because of the low trapping

of both electrons and holes in the bulk of dry Si0248 (trapping of holes is strong near the

interfaces onl y 54); neither can it be explained by recombinat ion of free (separated) electron

and holes because of their low volume densities ( l 0 ~ and ~~l 0b0 cm 3 assuming mobi lities of

-20 and l0~ cm 2/v-sec. for electrons and holes at room temperature , respectively; with a

current of l0~
7 A/cm 2 and a field of lO b v/cm) . The excitons do not recombine rad iatively

(see section lID) and some general features of their lifetime before self-trapping have been

discussed by Moit and Stoneham 55 . We have previously interpreted our findings of charging

effects in MOS structures i l luminated by VUV li ght with the Al electrode biased negatively as

evidence for diffusion of such excitons from near the Al-SiO, interface to the Si-SiO,

interface I . 35 • However , we have found recently that the effect increases in samples treated in

water, which raises an alternative possibility that the effect can be explained by diffusion of

water-related species (such as hydrogen). This issue is presently unresolved.

In summary, extensive transmission and photoconductivity data for thin thermal ly-grown

Si02 films have been presented and discussed. Threshold determination from spectral data has

been criticized, and it is proposed that a band gap of 9.3 eV for Si02 can be extracted from

the field dependence of photoconduclivity.
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Appendix A

The transmission (normal incidence) of a thin film of thickness d 4nd complex index of

refraction n-ik, suspended in vacuum , is given by~’:

a
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

b 1 e° + b2e~ + b3 cosy + b4 siny

where,

4skd 4v ndo — ; .y — ; A: vacuum wavelength

a —  16( n2 + k2)

b 1 — ( ( l +n) 2 + k2) 2

b2 — [( 1—n ) 2 + k 2J 2

b3 — 214k2 — (n 2+k 2— 1) 2]

b4 — 8k1n 2 +k2 — 11

The absorption coefficient , a , was calculated from:

4s’k 1 f i  I a  .a —r— — ..~-ln j  ~~

— 

~~ 
-
~~~

- — b2e~ —b3 cos’y—b4 slay

This equation was solved by iteration with Philipp ’s41 k values as the initial guess, and his n

values as constants.
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Figure Captions

Fig. I .  a) Schematic illustration of the transmission experiment with thin Si02 membranes.

t The detector was a sodium salicylate coating which converts the incident VUV light

(hr) to lower energy photons detected by a photomultip lier.

h) Schematic illustration of the photoconduetivity experiments on MOS structures.

The contact leading to the current meter (I) was completely shielded from second-

ary photoemitted electrons by the sample housing (not illustrated ), and by the mask

which also shields the unmetallized surface of the oxide. VG was negative (Al-side)

for the data of Figs. 6-9.

C) Schematic illustration of the diode experiments for transmission , photolumines-

cence , and exciton detection.

Fig. 2. Photograph of a membrane measuring 1.0 x 0,25 mm . showing the sinusoidal pattern

produced by microscope li ght interference in the slightly wrinkled SiO, film.

Fig. 3. Optical transmission data for 3 oxide thicknesses (for clarity, measured points are

not indicated).

Fig. 4. The absorption coefficient of amorphous Si02 (for the expanded tail region see Fig.

5). The ‘present work ’ curve was calculated from the transmission data of Fig. 3.

as explained in section IIA. Powell and Mur~id’s curve was reproduced from Fig. 2

of ref. 3. Philipp ’s curve was obtained from his optical constants (calculated by

Kramers-Kronig analysis of reflectance data, see ref. 41) and shifted by +.075 eV

to ali gn the positions of the first peak (see text ) .

Fig. 5. The absorption tail region. Note the expanded scale of a. Our data is considered i:
reliable only in the range of hv>9.2 eV for the 5110 A film; for lower 1w, interfer-

ence effects are clearl y visible. A few points from Appleton ci. al. (ref. 32) for

vit reous Si02, are added for comparison.

Fig. 6. Normalized photoconductivity spectra. The currents were normalized to the

incident photon flux and the scale shown corresponds to the range of actual meas-

S
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urements. The data are not corrected for reflectance which is the cause of most of

the structure for hr> — 10 eV. For h,’< 10 eV, interference eff ects are clearly

visible and in the tail region (expanded by 10) internal photoemission of electrons

from the Al is appreciable . The data were taken with an average field of 2 x 1 ~6

v/cm across the Si02, with the Al biased negatively (—V G in Fig. ib).

Fig. 7. The field dependence of photocurrents at various photon energies for electron

injection from the Al (—V 6 in Fig. I b) into the Si02. The change of curvature at : -

about 3.2 eV is associated with the bamer height between the Al Ferm i level and

the Si02 conduction band edge (see ref. 20). The reason for plotting

(photocurrenta) 1/2 is explained in section tIC. The curves of Figs. 7-9 are all

normalized to unity.

Fig. 8. The field dependence of photocurrents (Al-negative) at photon energies near the

absorption edge of Si02. At 7.72 and 8.34 eV the curves display mainly the

— 
behavior of internal photoemission (see Fig. 7 for hr>3.2 eV) while at 8.63 eV

photoconductiviiy (Si02 absorption) dominates at higher fields.

Fig. 9. The field dependence of photoconductivity (Al-negative ) in thermally grown Si02

films (amorphous) at various photon energies above the absorption edge. As in

Fig. 7, we associate the change of curvature at about 9.3 eV with a “barrier height ”

which we identif y as the Si02 band gap (see sections IIC and III).
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Introduction

Semi-conductor processing environments  in which ionizing radiation plays a direct ro le or

appears as a by-product are being used to fabri cate the next generation of MOSFET devices.

Electron beam lithography and reactive ion etching,  for example , allow the fabrication of dense

arrays of small MOSFET’s. 1 While ionizing radiation is known to cause a buildup of positive

charge and surface states in the oxide layer of MOS devices , it is usually assumed that these

changes are removed by thermal anneals at temperatures below 400 where metallurgical

reactions between aluminum and silicon are unimportant 2 . In this paper we investigate the

annealing of radiation damage in SiO2 and show that these low temperature anneals are not

effective in completel y removing radiation-induced positive and neutral electron traps from H

SiO2. Such studies are important because emission of hot-electrons from the channel area

during operation and subsequent trapping in the oxide layer at unannealed defects changes the

device characteristics and can cause premature failure. 3

Past studies have concentrated on the rate at which positive charges or surface states

accumulate in opticall y fabricated devices operating in a radiation environment such as Outer

space4. Since annealing is not an easily practiced remedy in this instance , little effort has been

made to study it. In a processing environment, however, the rmal annealing is a practical step

and is used to remove the ‘ damage ” introduced into the oxide by the ionizing radiation

encountered in a particular processing step.

In addition the earlier studies have restricted themselves to MOS devices with aluminum

gates. The newer FET technologies make extensive use of poly-silicon gates over the oxides.

In this pape r , annealing of damage in poly-silicon as well as aluminum gate devices is exam-

m ed. The principal results show that in addition to the positive charge and surface states ,

neutral electron traps are also generated by the ionizing radiaiton and are removed onl y by

anneals at temperatures above 550 C. Significant amounts of radiation induced positive charge
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are also found in poly-silicon gated oxide films after a low temperature anneal which removes

this charge from aluminum gated films .

Experimental Details

Both capacitor and FET structures were used in these experiments. Oxide films were ‘

grown in dry 02 at I 000 C on p type substrates with a resistivity of 0.1 to 0.2 t~-cm for the

capacitors and .5 11-cm for the FET’s. Such highly-doped material is necessary for the uniform

injection of minority carriers at low applied fields.5’6 Two types of capacitors were formed by

coveri ng the oxide with a film of aluminum (MOS) or by a layer of phosphorous doped
‘S

polysilicon covered by aluminum (MSOS). After deposition of the aluminum in a resistance

heated evaporation system and definition of the capacitor gate area (5 x l04 cm2), the capaci-

tors were annealed for 20 minutes at 400 C in forming gas to reduce the surface state density

in the oxide. Subsequent to irradiation the aluminum was stripped from portions of the MSOS

wafer to form SOS structures. The FET’s consisted of large area (5 x 104 cm 2) enclosed

devices designed for trapping studies in oxides.7 The gate oxide was covered by a single

poly-silicon layer (SOS) and was contacted by an aluminum pad in the thick oxide region away

f rom the gate area. In all cases the poly-silicon was degenerately doped and was 350nm thick.

The densities of positively charged and neutral electron traps in the oxides were deter-

mined at various points in the experiments , i.e., before irradiation , after irradiation , and after a

series of an neals designed to reduce the radiation damage. Althoug h simple flat-band or

threshold measurements give the positive charge densities in the samples , they do not reveal

the presence of empty neutral electron traps. The densities of positively charged and neutral

traps were determined by uniformly injecting hot electrons from the substrate into the oxide

and measuring the shift of flat-band or threshold voltage which occurs as a small fraction of

these carriers become trapped. The trapping cross-section observed is used to separate the

t raps into charged or neutral centers. The positive charge density deter mined from the
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injection experiments provide a valuable check on the density determined by flat-band or

threshold measurements. The electron currents through the oxide were generated by avalanche

injection techniques in the capacitors 5’6 and by optically induced hot electron injection in the

FET’s.7 Small currents (2x l0~ A-cm~2) were used to fill the traps with large cross-sections

and as these saturated the curre nt was gradually raised to populate the remaining traps at an

acceptable rate.

A 25 KV electron beam was used to irradiate the samples. At this energy the beam

penetrates the overl ying layers of aluminum and polysilicon into the oxide 8. In the capacitor s ,

the thickness of the aluminum and polysi licon was adjusted so that the energy deposited in the

Si02 underlying the aluminum contact in the MOS capacitor was the same as that deposited in

the Si02 underlying the aluminum/poly -si l icon contact in the MSOS capacitor. Dosages

approximating those used to develop present day electron-beam resists were used. Anneals

were carried ou t in a forming gas ambien t for 30 minute intervals. As stated earlier , the SOS

capacitors were formed by etching aluminum from the MSOS wafers prior to anneal. In the

experiments comparing the annealing of the three kinds of capacitors , all three were annealed

simultaneously in the same furnace to insure identical t reatment .  Anneal temperatures

between 400 and 550 C were used. Penetration of aluminum contact metallurgy into diffu-

sions presentl y limits post-metal sintering to temperature s below 450 C.9

Results and Discussion

The annealing of radi tion induced positive charge in MOS, MSOS, and SOS structures is

contrasted in Fig. I .  The samples were treated identically; the only difference being the

me tallurgy over the ga te area during the anneal. Both the MOS and MSOS wafers were given

a blanket exposure of 20 ~t coul-cm 2. The aluminum and aluminum/po lysilicon thicknesses

were adjusted to give the same total thickness (750 nm) over the gate to allow equal penetra-

(ion of the electron beam to the underlying gate oxide. The higher density of charge accumu-
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lated in the poly-silicon gate capacitor is due to increased sensitivity of the gate oxide to

ioni zing radiation caused by the additional heat-treatment used to dope the poly-silicon gate. ’

This result shows that while the positive charge can indeed be removed from MOS or MSOS

structure s at 400 C, a small amount (~ 6x 10 10) remains in the SOS structures. Note also that

the anneal proceeds slower in the MSOS capacitor than in the MOS capacitor but that after 30

minutes the positive charge is removed in both. Anneals performed in pure hydrogen at this

temperature exhibit the same end point densities although the rates of annealing are somewhat

more rapid. The key ingredient to the effectiveness of the anneal appears to be the presence

of aluminum over the gate during the anneal. Note however, that the aluminum is still

effective when separated by 350 nm of poly-silicon from the oxide. Aluminum sintering at low

temperatures has been long established as a process which improves surface state densities in

aluminum gate devices. The special properties of this metal may be associated with its

reactivity or its work function but are not understood. Surface reactions which produce some - I
species effective in annealing could explain the similarity in annealing between the MOS and “1

MSOS case. Aluminum does however penetrate easily through these poly-silicon films at this p

temperature 1° so some other mechanism may be active.

Another experiment involving electron trapping in the oxides of these capacitors backs up

these results. Electronic currents generated by avalanching the substrate into deep depletion

were passed through the oxides of these capacitors. The shift in the flat-band voltage which

occurs as electrons are trapped at positively charged traps is plotted in Fig. 2 against the

number of electrons passed through the oxide per square centimeter of gate area. The electron

capture cross-section and field dependence of positive charge in Si02 is well established and
— 

predicts that 1.5 MV/cm across the oxide during injection these traps saturate after 5x l0’~

electrons/cm2 have been passed through the oxide 12. The greater shift evident in the sample

annealed without aluminum over the gate at this value of injected charge further confirms the

presence of positive charge in this sample. The initial flat-band voltages observed in these

samples were consistent with the presence of positive charge in the amounts indicated by the
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saturated shift in Fig. 2. Note that the control sample also exhibits a small amount of positive -

charge unrelated to the influence of radiation. Results in MOS capacitors are similar to those

in the MSOS capacitors. 13 
-

In addition to the positive charge found in irradiated structures after annealing, unann-  . -

ealed neutral electron traps were also found. This point is illustrated in Fig. 3 which shows the

shift in threshold voltage caused by trapping of optically injected electrons in the oxide layer - 
-

of poly-silicon gated FET’s which have been exposed to e-beam radiation and then annealed.

The origin of this shift is identical to that shown in Fig. 2 although the mechanism by which V’1

the hot-electrons are generated is different and the field across the oxide is lower. As before

the injected charge needed to saturate the positive charge in the oxide is calculated to be -. 
-

5 x l0 I~ e/cm2 for the indicated value of oxide field. ’2 Note how the curves change slope at

this point. The threshold shift at saturation corresponds very well with the low initial thresh- 1
old voltage observed in these devices. The shift in threshold which occurs on further injection

is associated with previously uncharged electron traps generated in the oxide by ionizing

radiation. These traps are not evident from the initial threshold voltage of the device and

become apparent only after electrons have been injected to fill them. Similar traps have been I
found in MOS. MSOS, and SOS capacitors injected with more than l0~~ electrons/cm 2)3 The

cross-section of these traps is approximatel y lW ’5 cm2 . The additional lower cross-section -~~

traps which are also evident will not be discussed here but are treated in an earlier publication

dealing with MOS capacitors.’3 Ning has also observed similar results in FET’s metallized in -

an e-gun aluminum evaporator where x-rays presumably cause the same phenomena. ’4

The temperature dependence of the annealing of the positive and neutral traps is also H

illustrated in this figure. After the chip was given in an initial 400 C anneal and measured , the

temperature was raised 50 °C and another sample on the same chip was measured. This

sequence continued until the wafer was annealed for 30 minut es at each of the temperatures 
I

shown on the figure . As evident from this figure . anneals at 550 C or over are required to -
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remove both the positive and neutral traps from the oxide once they are introduced. This

work is consistent with earlier work on MOS capacitors’3 and FET’s.14 However, the densities

of positive and neutral electron traps found in the FET’s are 2 to 3 times larger than those

found in capacitors. The additional processing steps to which FET’s are subjected appear to

increase the sensitivity of the oxide to these defects.

A summary of the densities of the positive and neutral electron traps observed in devices

which were irradiated and then annealed for 30 minutes at 400 C in forming gas is given in

Table I. The first column describes the gate structure during the anneal, the second gives the

density of positive charge observed from flat-band voltage or trapping measurements, and the

third the density of traps filled by electrons after a total electronic charge of 1016 c/cm 2 has

been passed through the oxide. As evident from this table , the positive charge is more

thoroughly removed from the MOS and MSOS structures. The neutral trap density appears to

be the same for all the structures. Because the trap density is 2 to 3 times larger in the FET’s

tha n that observed in the capacitors, the values in Table I are quoted as lower limits for the

neutral trap density and the positive trap density for the SOS structure. The upper limit

quoted for the positive charge in the MOS and MSOS structure is from the maximum shift

observed in a large number of measurements on these devices. It should also be noted that the

neutral centers have a field dependent cross-section 14 and that a number of other centers with

lower cross-sections have also been observed. 13

So fa r the properties of positive and neutral electron traps have been discussed principall y

th rough the effective trap density inferred from flat-band or the threshold voltage shifts. Both

quantities are due to the influence of the trapped charged distribution on the silicon surface 
•

poten tial and are proportional to the total number of traps and the centroid of the distribution.

They can however be separately determined by use of the photo I-V technique. 1 ~ The reader is

referenced to reference 15 for an extended discussion of the principles of the measurement. In

the experiments described the damage was introduced into the oxide with penetrating 25KV

— 58 —

- 
- - ~~~~~~~~______________________________________________________ ___________________________ —‘ .--~~~



electrons. These electrons interact weakly with the oxide and deposit energy uniformly in the

bulk. The data presented in Fig. 4 shows the photo-emission characteristics from both

interfaces on an capacitor before and after the residual neutral electron traps have been filled

with electrons. In Fig. 4a the injecting interface is the silicon/SiO2 while the gate is biased

positively; in 4b it is the AI/Si02 interface while the gate is biased negatively. The capacitor

was irradiated to a total dosage of 1000 ~i C-cm~
2 , and annealed at 400 C to remove the

positive charge. The photo-emission characteristics were measured , the capacitor was injected

with electrons to fill the residual neutral traps , and the photo-emission characteristics were

measured again. As described in reference I 5, the presence of the distirbution of trappe d

charge alters the electric field near both interfaces. This in turn alters the photo-emission

characteristics in a predictable fashion. Because the charge distribution shifts both characteris-

tics (in 4a and 4b) abou t equally along the voltage axis the its effect on both interfaces must ‘

be the same. The result implies a uniform distribution of charge with its centroid in the middle

of the film and is consistent with the damage created by penetrating radiation. In contrast

with this result previous work on the centroid of radiation-induced positive charge shows it to

be at the interfaces)~~~
6

It should be noted that the photo-emission characteristics on an unirradiated control

sample were identical with that observed in the irradiated and annealed oxide when the neutral

traps were empty. Furthermore the injection and photo 1-V measurement sequence was

actually repeated twice on this sample. The traps with cross-sections less than 10.16 cm 2 were

filled first and their centroid determined , the avalanche current was raised and those with

cross-sections less than 10-18 cm 2 were filled. The centroids in both cases were found in the - I
middle of the oxide.
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Summary and Conclusion

In conclusion, the effects of ionizing radiation on electron trapping in Si02 have been

examined with a viewpoint appropriate for semi-conductor manufacturing. Earlier conclusions

about the nature of the damage and its annealability have been shown incomplete. Studies of

poly-silicon gate structures show the important but still unexplained role played by aluminum

in annealing of positive charge. Neutral electron traps have also shown to be a previously

neglected form of the damage in the oxide. I -

The physical properties of these traps, charge state, capture cross-section, trap density,

centroid and annealing behavior are clearly different and indicate a different physical mecha-

nism is responsible for the centers . The role of the radiation also appears to be different in

these two cases. In the case of the positive trap, it provides carriers to fill hole traps which -1
- 

- - pre-exist in the oxide at a density determined by its processing history . ’7 The neutral electro n

t raps really are associated with “damage ’ i n the sense that they are defects introduced into the

oxide by the radiaiton. These defects may have a structural rearrangement associated with

them as well. Eernisse cc al have reported that the density changes induced in SiO, are not

removed with anneals at 400 C but require temperatures of 600 C for removal. 18 These results

are consistent with those observed here for removal of the neutral trapping sites in the oxide.

Only the physical properties of the radiation induced electron traps have been discussed

so far . A few comments on the impact of these traps on devices is in order. Processes such as

reactive ion etching, x-ray, or c-beam lithography are used in the fabrication of small dimen-

sion devices. The results presented here indicate that the rate at which the electrons are

trapped in the oxides of these devices will be increased by 2 or more orders of magnitude by

the ionizing radiation used to fabricate them. This increases in trapping rate is a complicated

function of the total exposure given the device, the processing steps, the annealing history , and

the fields across the oxide during operation. -:
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The traps can be removed if anneals at 600 C can be tolerated. This is usually the case.

However, once aluminum metallurgy is deposited on the source-drain contacts, anneals at

temperatures over 400 C can cause the a luminu m to penetrate into the junction , shorting out

the junction to the substrate. Other metallurgical systems more compatible with anneals at -

temperatures above 400 C are required to remove the traps by thermal anneals. Presentl y 
-

such metallurgical systems are not in common use, Some residual trap density is then expected -

in irradiated oxides. The increased rates of trapping and device degradation can be compen- 4

sated by decreasing the hot-electron emission rate by increasing the channel length or lowering

the vol tage from source to drain. Such design procedures can compensate for the increase in

oxide trapping rate expected in devices exposed to ionizing radiation in the course of fabrica-

tion. However because the hot-electron emission rates are generally higher in small channel

length devices, the increase in oxide trapping is expected to aggravate any existing instability.

t.
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Radiation hardness in Si02 is notoriously dependent on oxide quality and processing. It is

expected that annealing phenomena will also exhibit similar dependencies. Because of the

many design and processing parameters which may influence the trap generation and anneal-

ing. it is recommended that hardware of a particular design, manufactured by a specific process

be tested to determine the overall effect.
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iitttkaied contact inetallurgies In pla~.e over the gate during the anneal flu’ tot al 
- 

-

effective density of positive charge remaining after an anneal step at 400 U in

forming gas is lilotled against the anneal time . The oxides were 350 A th ick -iFig ~ Capture of injecte d electrons by unannesied llosIti ~~e charge in the t~x id ’s  of

ptt l y silicon gate capacitor s. The Iwo uppermost curves were from capst’itors

exposed In an electron bean, and then anitcaled as In dicated, ‘rhe bottom t u l  ye is

I ,  niH ~t ,i ut t i r r ad lu t ud control ti n t l i~’ snmt’ wafer. the fl at ’ band voltage shif t

ikit  -hand .isis) ni effective tra$l density (r i ght—h and axi s)  is plotted against the

number of electrons Injected per un it Itt ~I’S into the oxid es of the capacitors

( ‘apt u , ’  oh inje cted electrons by un anneakd positive 411111 ncutr s l  e lect ion t i ap s

introdu ced into the oxiik of poly-silicon gate l:FT’s by electron—beam r a diat ioii
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p

various temperatures as dext’rihetl in the text;  an unirra diat ed t’o,n rol s4iunl lte t t t ~~i i i

the same kit is included for cssmparixt~n . The change in threshold voltage ~4 %iI% cll b%

the captur e of iii,i ’ct ed elect rons by the defects in Ihe oxide is pk~lI~~t against the

ui umbe r of electron s injected pe, unit area l’he gate oxide Was 1 ~~
I) A thick

Fig 4 ‘th e int ern a l  phntn~emission characler i*tics of an irradiated tdti m lnutu gate t ’apaci

to. . t n m  which the po sit ive charge has been t’oinpktely removed l~v th einia l

ann eal , are shown before aiicl after the ne u t r a l  electron tra i ls have been popul ated

with in j ect ed electro ns, Fi g . 4a shows the photo- emission character istic from th e

silico ,i elect rode ( positive gate hiss) and Fig 4h shows th e charact er istic ti -oni the

aluminum electrode (negative gate bias) .
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DENSITY OF RESIDUAL ELECTRON TRAPS
AFTER E-BEAM EXPOSUREU AND ANNEALh

GATE POSITIVE NEUTRAL C
STRUCTURE (cm~2) (cm 2 )

MOS < l x l O ’ °  < l x l 0 ’’
MSOS < l x l O ’ °  > l x l 0 t ’

SOS > 5,( lO ’~’ >J x J 0 1 1

a) 100 ~ coul cm 2 at 25 KV

h) 400 C, 30 mm forming gas

c) 1016 c/ cm 2 injected into gate
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CHARGE TRAPPING IN THERMAL SILICON DIOXIDE’
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Typed by: Kathlyn C. Murray

Abstract: An overview of charge trapping studies in the silicon dioxide layer of metal-oxide-semiconductor CMOS) structures is presented. Negative charge trapping associated with sites
in the silicon dioxide bandgap related to implanted Al is discussed in detail as an example.The negative trapped charge location is shown to be identical to the implanted Al location byuse of the photocurrent-voltag e (photo l-V) technique and secondary ion mass spectroscopy(SIMS). Electron trapp ing and detrapping rates are studied using capacitance votlage (C-V)and photo 1-V techniques to deduce capture and ionization cross sections for these sites. Thecentroid and the capture cross sections are studied as a function of oxide thickness , ionfluence , post-implantation annealin g conditions , and ion implantation energy. The number oftraps is shown to be proportional to ion fluence and implantation energy. Implanted Al isshown to penetrate up to 100 A deeper than predicted by the theory of Lindhard , Scharif , andSchiott (LSS). Comparisons between several implanted ions (Al , As, P , B) in Si02 are madewith respect to the quantities of interest (centroid location , capture cross section , photoioniza-

Lion cross Section , etc.) for negative charge trapping on sites related to the implanted ions.
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§1. INTRODUCTION

Charge trapping in the silicon dioxide layer of metal-oxide-semiconductor (MOS)

structures is of great important in the electronics industry for two reasons: - -

( I )  Build-up of trapped charge in the Si02 layer changes operating characteristics of devices

li ke insulated gate field effect transistors (IGFET) I l l  An important example of this recently

pointed out by Aitken et al. is the neutral centers created in the Si02 laye r by x-ray or

electron beam irradiation which only anneal out at high temperatures (2-4g . Electron beam

lithography has been used to shrink the dimensions of IGFET transistors to increase perform-

ance , but unless the Si02 layer is properly annealed those structures will degrade more rapidly

(3 ,4).

(2) Charge trapping or storage layers purposely incorporated into the insulating layers are

— currently used for non-volatile memory where information is stored as trapped charge for long

periods of time . Examples of this are the dual-dielectric charge storage (DDC) cells which use

less than a monolayer of W or W03 as a tr apping layer interposed between thermal Si02 and

CVD A1203 (5 ,6), and the floating gate avalanche injection MOS (FAMOS) structures which

have a continuous polycrystal line Si layer for carrier storage interposed between Si02 layers

[71. -

in order to study charge trapping in Si02, traps must be characte rized by their spatial

distribution , energy location in the 9 eV bandgap, relatio nshi p to impurities or defects , and ‘

trapping-detrapping characteristics which are most conveniently related to capture , thermal ,
I

and photoionization cross sections. In this review , trappi ng sites related to ion imp la nted Al

wiH be discussed in detail as an example and compared to sites related to ion implanted As and

P.

Ion implantation is a convenient way to add impurities to solids such as SiO2 and Si , and

it is extensively used in modern day processing. As will be discussed here , we have ove rcome
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previous limitations of implanting ions into Si02 by using high temperature annealing alter

which carriers are trapped on sites related to the implanted ions and not on sites related to

damage created as the energetic ions move through the film (8). The overall program for

studying charge trapping can be divided into the sample fabrication , charging the Si02 laye r , - —

sensing the trapped charge , and characterizing the traps by the quantities that can be meas-

ured. .

§2. SAMPLE FABRICATION 
-

After growth of a dry therma l Si02 fil m on Si at a temperature of usually 1000°C, ions

are implanted into the Si02 fil m. If the traps created by the implantation are to be charged by

avalanche injected electrons fro m the Si substrate which will be discussed in later sections , a

p-type Si substrate is used with a resistivity of .1 to .2 f~cm so that a uniform injection is

achieved [9). The outer surface of the Si02 is cleaned of any hydrocarbons or metals that

could have been deposited during the implantation step using a procedure similar to that

described by Irene [101 only with no HF. Then the samples are annealed in N2 for 30 minutes

at 1000°C to remove radiation damage except for cases where annealing conditions are I -

studied. Finally, a capacitor structure is formed by depositing a thin , semitranspare nt (100-

160 A) Al gate electrode on the top surface of the Si02 followed by a 400°C forming gas

anneal for 20 minutes to reduce Si-Si02 interface states. After fabrication , the Si02 layer of

the MOS structure is essentially in an uncharged state.

§3. TRAP CHARGING

For most experiments, traps in the Si02 layer are charged by avalanche injection [9,11) or

by internal photoemission 1121. However, hot carriers from the Si can be injected by other

methods which require more complicated transistor structures [13 ,14), or carriers can be

generated across the ~ 9 eV bandgap of the Si02 with vacuum ultraviole t (VUV) light which
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requires a vacuum system 115 1 High fields can also be used to inject carriers by Fowler-

Nordheim tunneling 1161, but this enhances the probabili ty of oxide breakdown and electric

field ionization of trapped carriers.

I nternal photoemission uses light of energ ies between 2-5 eV to excite electrons from the

contact at a negative voltage over the interfacia l energ y barrier into the oxide conduction

band. The relevant energy barriers are shown in Fig. I for the condition of no voltage drop

across a charge free oxide layer. With a voltage applied , the electro ns then move towards and

are collected by the contact that is at a positive voltage except for those electrons which may

be trapped. Internal photoemission requires semitransparent metal electrodes to allow light

penetration and can be used to inject carriers from either inter lace. Internal  photoemission of

holes without simultaneous injection of electrons (as can be seen in Fig. 1) is improbable for

any metal gate contact because of the larger energy barriers for holes as compared to d cc-

trons. However , Good man claims to have injected holes from the Si substrate by using a water

electrode in place of the usual metal gale electrode (1 7 ) .

A valanche injection can also be used to inject carriers over the Si-Si02 interface energy

bar rier. By driving the Si into deep dep letio n by means of voltage pulses , a la rge electric field

fro m ionized donors or acceptors is developed between the bulk of the Si and the S -S102

interface by depleting this region of mobile charge carriers (electrons or holes). For electron

injection , thermal electro ns in bulk p-type Si drift or diffuse into the high field region where

they can gain energy from the field until  they impact ionize and lose energy by creating

another electron and a hole across the Si bandgap of 1. I eV. This impact ionizat ion process is

multiplicative and gives a hot electron distribution in the Si at the Si-Si0 2 interface. Some ol

the elect rons can surmount the interface energy barrier and move into the Si02 conduction
- 

- - 
ba nd. A similar injection of holes can be accomplished with n-type Si (1 8-21 1.
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§4. CH ARGE SENSING

The build-up or decrease of trapped charge in the Si02 layer can be sensed by the electric

field it creates. The two most widely used measurements which sense the electric fields near

th e contacts are the capacitance-voltage (C-V) 121 1 and photocurrent-voltage (photo I-V)

(22 ,231 techniques. The C-V technique senses electric fields in the Si layer near the Si-Si02

interface due to the voltage dependent capacitance of this layer. The photo I-V technique

senses electric fields in the oxide layer near either the Si-Si02 interface or the metal-Si02

interface, depending on voltage polarity, because of the contact limited nature of the internal

photoemission currents. Typical C-V and photo I-V data for an Si02 layer implanted with 30

keV Al are shown in Figs. 2-4. As can be seen from these figure s. the cu rves are shifted in a

parallel fashion along the gate voltage axis after electronic charging of the bulk Si02 traps

related to the implanted Al. These voltage shifts are the flat-band voltage shift I~VFB for the

C-V curves and the photo I-V voltage shifts ~V5~ (positive gate polarity-Si injecting) and

~tV,- (negative gate po larity-metal injecting) . These shifts for buik Si02 charge trapping are

related to the charge centroid i measured from the metal-Si02 interface and the total charge

per unit area Q by the following relations obtained by integrating Poisson ’s eq uation 12 1-23 1:

~VFB~~~— — 9 ( 1)

AV 5~ (2)

~~~~~~~~ = 
(L-x) 0 (3)

where L is the thickness of the S102 layer and e is the low frequency permittivity of Si02.

Obviously, Eq. 2 (or 1) and Eq. 3 can be solved for i or Q to get the photo 1-V relations

(4)

0 — ~ (AV 5- — ~V5~ ) .  (5)
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Whe n the trapped charge is very near an interface (closer than 20 A), the photo I-V techniq ue

is not very sensitive to it and either Eqs. 2 or 3 is no longe r valid for the entire range of gate —

voltages depending on which interface the charge is near (22 -24 ) . However , the C-V techni-

que would be most sensitive to a charge layer at the Si-StO, (see Eq. t ) .  Therefore , the

combination of C-V and photo I -V techni ques ca n also be used to locate charge s very near an

interlace (at least (or the Si-Si02 interlace ) . .

§5. TRA P CH ARACTERIZATION 
-

In the previous section , two measurable quantities ~ and 0 to characterize traps were

discussed. By monitoring the change in time of 0 and ~ as trappi ng or detr apping proceeds ,

oth er quant ites to characterize trapping sites such as the capture cross section o~, total number

of traps per unit area N 1, photoionization cross section c~, and the trap energy level E 1 can be

determined. The quantities usually are obtained from data fits to first order kinetic relation-

ships like

0( t )  — qN 1 ( l — e x p (— t / ~~)) (6)

for trapping (25) where i-~ — q/Jo~, i is the constant current density, and q is the electronic

charge ; or data fits to

0(t) = 0(0) exp (—t/ ~~) ( 7)

for photodetrapping (251 where = (o~F~) t  and F~ is the photon flux. When more than one

type of trapping center is present, traps can be separated by the magnitude of the cross-section

by varying injected current densities for trapping and light energy for detrapping (251.

§6. Al IMPLANTATION

Charge trapping of electrons on sites related to ion implanted Al was studied as a function

of post-implant annealing conditions, ion fluence, ion energy, and oxide thickness (26-28).
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Figs. 5-8 show plots of ~VFg as a function of time under a constant avalanche injection

electron current I depicting the dependence on these variables. Fig. 9 shows the dependence

of the trapped negative charge centroid as determined with the photo 1-V technique on the ion

energy and oxide thickness. No noticeable charging was observed under similar conditions on

unimplanted oxides. Several interesting conclusions are obtained from these data:

( I )  Post-implantation annealing at 900°C or above tends to remove most’ (if not all) of the

elect ron trapping due to radiation damage (see Fig. 5). AU subsequent discussions will be

limited to samples which were annealed at 1000°C in N 2 after implantation. —

(2) The charge trapping is directly proportional to the ‘on Iluence (see Fig. 6). Also it was

observed that the centroid was independent of ion fluence as expected.

(3) The charge trapp ing is strongly dependent on the ion energy (see Fig. 7). If the average

flat-band shifts from Fig. 7 are plotted as a function of energy as in Fig. 10, it is found that

(~ VFB)AVG a V12 where V1 is the implantation energy. Since ~ V1 from the centroid data

of Fig. 9, it is concluded that trapped charge and , therefore , the trap density is proportional to

V1. The capture cross sections deduced from fitting the data of Fig. 7 to Eq. 6 were approxi-

mately independently of ion implantation energy. Young et al. have suggested that this

dependence of the number of traps on implantation energy may be due to the role of vacanci es

created during the implantation into which Al atoms can move substitutional ly and act as

t rapping centers (271. Increasing the implantatio n energy would increase the number of

vacancies and , there fore , the number of traps.

(4) For thin oxides, significant penetration of the Al into the Si substrate occurs which

decreases the trap density and causes the ceniroid to become somewhat independent of

implantation energy (see Figs. 8 and 9). Clearly from these figures Al is lost to the Si for all

energies on the 490 A thick Si02 structures and for energies greater than 30 keV on the 730 A
thick Si02 structures.
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The curves in Fig. 9 are deduced from theoret ical calculations for the ion distribut ion

based on the work of Lindhard , Scharlf , and Schiott (L_ SS) using the tables of Gibbons ,

Johnson, and Mylroie (29). Corrections were made for the density of thermal amorphous SiO,

as compared to the density of single crystal SiO, (density ratio 84) used in these tables. As

can be seen in Fig. 9, the negative trapped charge centroid is fairly close to the prethcted value

of the ion centroid , but it seems to be i n deeper (by 100 A at most) horn the Al-Si02

interface than the predicted value for the cases where the Al does ni~t penetrate into the Si.

As an independent check to see if the negative trapped charge di stribution is the same as

the Al ion distribution , secondary ion mass spectroscopy (SIMS) was performed on a 20 keV

Al impla nted sample without the Al gate electrode. The SIMS profile for this sample and the

corresponding LSS calculation are shown in Fig. I I  with the values of ~ calculated from this

data listed in Table 1. The SIMS data were not very sensitive to post-implantation annealing

conditions; therefore , this cannot exp lain the differences between experime nt and theory in

Fig. 11. Clearly the actual ion distribution is broad er and in deeper than predicted by LSS

the ory and is essentially identical to the negative charge dis tribution. This is also seen in Fig.

9 for the 10-20 keV points where experimentally Al is lost to the Si where theoretically it

should not be.

Capture cross sections were deduced from F itting data like that i n Figs. 5-8 to Eq. 6.

Values for the electron capture cross sections of the various traps associated with implanted Al

are give n in Table 11. Also listed in this table are the number of traps per unit area associated

with the 30 keV implant at a Iluence of I x 10U Al/ cm 2. The capture cross sections are i n

the range from i0 15 to ~~~18 cm2 while the total trap density varies between 10~ to 1013

cm 2 depending on ion energy for a fluence of 1013 Al ions / cm 2 . As mentioned previously,

total trap densities can be reduced if significant amounts of Al are lost to the Si substrate on

thin oxide samples.
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Once captured on an Al related site , electrons could not be photodeirapped with light

energies up to 6 eV. in the next section where the characteristics of MOS structures with

oxide layers ion implant ed with As and P are discussed , it will be shown that  electrons can be

ph otodetrapped from sites related to these ions and photoioni~atiu n cross sections and energy

levels can be determined From data fits to Eq. 7.

§7. As and P IMPLANTATION

Ion implanted As or P related trapping centers will be discussed together because they are

very similar except for their capture cross sections and sensitivity to annealing conditions. P

related traps are more sensitive to annealing because with their smaller capture cross sections it

is necessary to reduce back ground trapping in the Si02 layer more. The electron capture cross 
- 

-

sections of the dominant trap (site which has the highest trapp ing probability) for As and P

related sites are approximatel y lx I 0 ~15 cm 2 a nd 3xl 0~~ cm 2 , respectively (251. The areal trap

densities for these traps are not a function of the implantation energy in contrast to Al , are

proportional to the ion flu ence , and have a value of approxi mately half the value of the fluence

( 25 1. The trapped electrons have the same centroid as the implanted ions (25 1, and the

electrons can be detrappe d w ith li ght j25 J .  The photoioniza tion cross sections vary from 10.1$

to i0~~ cm 2 with photon energy after threshold is reached which is approximately 4 cV

125 ,301 as is shown in Fig. 12. This threshold is consistent with theoretical predictions for

substitutio nal P or As in an 0 site (30). No pronounced temperatur e dependence of

between 77°K and 300°l( was seen (25( . For the As or P related sites , el ectrons could he

thermally detrapped at temperatures between 100-350 °C in N 2 with activ ation energies

between .15 and .25 eV (2 5J . No significa nt electron detrapping for either As or P related

sites with applied electric fields up to at least 3 MV/cm was seen (25 1. As with the ion

implanted Al case , the exact nature of these traps as related to the implanted impurity atoms is

i - i  ~rn,*n Holes can also be trapped on ion implanted As and P related sites (25) .
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Ion implanted B in Si02 was also studied , but no noticeabl e trapping above the normal

background trapping of the oxide layer itself was seen. It will not be considered further.

The characteristics for carrier trapping and detrapping on sites related to ion implanted

Al , P. and As show a dependence on the column of the periodic tab le in where they appear

(As and P are in the fifth column , while Al is in the third column). Except for the magni tude

of the capture cross section for P related traps being smaller than that for As related traps ,

there is no depe ndence of the characteristics on the atomic mass (Al and P have about the

same mass , while As is about twice as heavy) which further supports arguments against

trapping on sites created by radiation damage (atomic displacement , radiation induced neutral

centers , Or t rapped hole sites [25 1) .

§8. CONCLUSIONS

The trappi ng and detrapping of charge carriers on Sites related to ion implanted Al , P, As,
p

and B in Si02 have been disc ussed. Sample preparation , charge injection techniques , charge - - -

sensing techni ques , and the measurable quantities of interest have been briefly reviewed.

Othe r charge trapping sites either purpose ly introduced or normally present in thermal Si02

fil ms are discussed in a recent review paper by this author (25) . Some of the other known

traps are related to H20, Na t , Si, or produced by ionizing radiation (25). As Si technology is

pushed to its limits , charge trappi ng in the Si02 layer of devices like IGFET transistor s will

continue to increase i n importance.

The author would like to acknowledge the critical reading of this manuscript by D. R.

Young, R. F. DeKeersmaecker , and M. I. Nathan. The author is also deeply indebted to D. R.

Young and R. F. DeKeersmaecker for helpful discussions of some of their trapping results used

in this review.
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Fig. I . Zero field energy band diagram of MOS structure taken from ref. 25.
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GATE VOLTAGE (V)

Fig. 2. Normalized photocurrent (photocurrent divided by area and light intensity) for 5 eV

radiation as a function of positive gate voltage (Si-injecting): •-uncharged control ,

A-charged by electron avalanche injection from the Si substrate. The MOS structure

had a S102 layer 1400 A thick , 20-keV and I x l O t 3  Al/cm 2 implant , and was annealed

at 1050°C for 30 mm in N2 after implantation prior to metallization. The average

photo i-V voltage shift for positive gate polarity ~~~V
1

+ is 5.34 j  0.06 V. Taken from

ref. 28.
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l4O0~&, 2OkeV, lx 1013 AVcm2
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~~~~~~ 
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-10 ‘/ ‘  -30

GATE VOLTAGE (VI

Fig. 3. Normalized photocurrent for 4.5 eV light as a f unction of negative gate voltage (Al

injecting ) . Samples are the same as in Fig. 2. The average photo I-V voltage shift for

negative gate polarity ~V1 is — 17.23 ± 0.11 V. Taken from ref. 28.

l400A,2Olii&4 lxlO’~ Al/cm2
— CONTROL -
— CHARGED -

N

~~t O.25 .

c I I I I I I I I

-8 -4 0 4 8- - GATE V0LT~~E (V)

I L
Fig. 4. Normalized capacitance (total capacitance divided by the oxide capacitance) as a

function of gate voltage. Samples are the same as in Fig. 2 , the solid and dashed lines

representing the control and charged samples, respectively. The flat-band voltage shift 
- -

~

~~~
VFB Is 5.2 ~ 0.1 V. Taken from ref. 28.
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< 4- 900 C (N21

TIME OO3sec)

Fig. 5. Flat-band voltage shift as a function of time for various annealing temperatures. The

annealing time is 30 m m .  Taken from refs. 26 and 27.
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Fig. 6. FIat-band voltage shift as a function of time for various Al ion fluences. Taken from

ref. 26.
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Fig. 8. Flat-band voltage shift as a function of time for various S102 thicknesses. Taken from

ref. 27.
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Fig. 9. Values of i as a fuction of Al implantation energy from 15-40 keV for Si02 layers

490, 730, and 1400 A thick. The points •, 0, and ~., respectively, are values for the

trapped negative charge distribution using the photo I-V technique and the dashed

lines connecting these points are visual aids only. The lines a, b, and c are the values

predicted by LSS theory for the implanted Al distribution. All samples were charged

by avalanche injection of electrons from the Si substrate.
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Fig. 11. Normalized Al denisty for a 20 KeV implant energy and a fluence of I x 1O’~ Al/cm2

as a function of distance from the air-oxide interface into a S102 film 770 A thick.

The normalization factor was the peak value of the Al density in the film. The dashed

and solid lines are the profiles determined from SIMS measurements and LSS theory,

respectively.
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TABLE I: Centroid comparison for 20 keV Al implant into Si02 :

Oxide thickness (A) Centroid (A)

Photo I-V YMS LSS

490 265 274 ± 25 - 257

730 320 346 ± 25 268

TABLE II: Capture cross-sections o~ and total number of

t raps per unit area N 1 for the trapping sites resulting from

a 30 keV Al impla nt with a Iluence of lx  1013 Al/cm 2

and an oxide thicknes s of 730 A.

o~(cm2 ) N 1(cm 2)

1.60 x 10 15 7.80 x l O l l

1.26 x 10-16 1.93 x 1012

1.40 x i O ’~ 2.37 x 1012

1.26 x l0 ’~ 8.47 x 10~
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Electron Trapping in Si0
2 

at 295 °K and 77 °K

D.R. Young , E.A. Irene , D.J. Di Maria , and R.F. Dc Keersmaeckera
I.B.M. T.J. Watson Research Center, York town Heights , New York 10598

H.Z. Ma ssoudt’
Applied Electronics Laboratories , Stanford University,
Stanford , California 94305

Abstract

The electron trapping behavior of Si02 has been measured as a function of
thickness at 295 °K and 77° K. The devices used were MOS devices with the
S1O2 grown thermally. The results indicate bulk traps are dominant at 295 °K
and traps associated with the Si-Si02 interface are dominant at 77 °K. The
effect of processing conditions was also studied and the optimum conditions are
different for the two temperatures used for the measurements. These obrerva-
lions have been verified using a Photo I-V technique. The generation of donor
states in the Si02 near the Si-Si02 interface was observed as a result of the
electron current through the S102.
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I. Introduction

Nico llian and Berglund 1 have published a paper describing the effect of

water exposure on the electron trapping behavior of Si02. They reported a

trap cross section of 1.5 x j~~-l7  cm 2 for water related trapp ing centers.

Ushirokawa , Suzuki , and Warash ina 2 , have measur ed a cross section of 1 .8 to

7 .6 x 10 18 cm 2 for these centers. Ning and Yu3 have studied electron traps

wit h a cross section of 3 x iO~~ cm 2 which they have shown to be related to

the initial Si-Si0
2 

interface charge. They have varied this charge by means of

the annealing treatment used. Gdula3 has studied the effect of processing on

the electron trapping behavior of Si02 over a wide range of processing condi-

tions. His results have also shown an anomalous effect indicating that the net

negative charge does not cont inue to increase monitort ically but a maximum

occu rs , and then the net negative charge decreases . An enhanced electron

trapping at 77 °K in Si02 was shown in a paper by DiMaria , Aitken , and

Young 5. The recent work of Ning 6 has shown that electrons tr .~pped on these

sites at 77 °K can be detrapped at temperatures between 77 °K and 295 °K

corresponding to energies 0.3 eV below the conduction band edge of Si02. An

excellent review paper has recently been written by DiMaria 7 describing the

effect of “impurities ” on the trapping behavior of Si02. In the present work ,

we concentrate on the trapp ing behavior without the intentional addition of

impurities.

In this paper , we discuss the thickness dependence of the electron

trapping behavior at 295 °K and 77 °K showing that the results are significantly

I
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different for these temperatures. Our work further shows a difference in the

effect of oxide processing conditions depending on the measurement tempera-

ture used. Photo I-V results are consistent with the results of the thickness

dependence studies showing that the dominant traps at 295 °K are distributed

throughout the bulk of the Si02 while at 77 °K the dominant traps are associat-

ed with the Si02 interface. In addition , the anomalous “turn around ” effect

reported by Gdula is shown to result from a positive compensating charge

located at the Si-Si02 interface. This charge is due to the presence of states

close to this interface that are generated by the injected current and can be
V

charged and discharged at will.

II. Fxper~.eaIa~ Proced.re~

A. Sa.~Ie Prep.fatio.

Chem-mechanically polished , <100> oriented , p-type silicon wafers (3.2

cm diameter and 0.025 cm thick) with a nominal resistivity of 0.2 ohm-cm

were thoroughly cleaned by a previously described procedure8. The double

walled fused silica tube, the three zone resistance furnace, temperature meas-

urement , ellipsometry , and oxidation procedures were also previously

described.8 Oxidation of silicon was carried out at 1000°C in oxygen which

was supplied from a liquid source. Hydrocarbons were removed and the H20

content of oxygen used for “dry ” oxidations was < 1 ppm as measured after the

oxidation furnace. For “wet” oxidations, the purified oxygen was bubbled

through deionized water prior to injection into the oxidation tube. The water
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content of the oxygen was IO 4 ppm for a 2 f / m m oxygen flow with bubbler

temperature of 22 °C.

As measured by ellipsometry, the Si0 2 film thicknesses used for this

study were 525 ± 20 A and the average value for the film refractive indices

were 1 .465 ± 0.006 for 5461 A light.

Initially, the samples were removed from the oxidation furnace right

after the oxidation. Further work showed that the trapp ing rate was reduced if

the samples were left in the furnace for a period of time (at least 20 minutes)

with N 2 gas flowing after the 02 was turned off. The effect of this treatment

will be discussed.

Immediately after oxidation , .032” diam eter , 5000 A thick Al electrodes

were electron beam evaporated onto the Si02-Si structure. Some samples were

post metallized annealed at 450°C in a clean flowing nitrogen ambient for 20

m m .  The oxide on the backside of the silicon was etched off and a gallium-

indium paste was used for backside electrical contact.

The overall cleanliness and the entire sample preparation process was

assessed by performing capacitance - voltage (C-V) measurements on

< 100> 2 ~2 cm p-type silicon devices processed along with the samples. The

C-V measurements revealed a positive charge level of <5 x 10 10 charges/cm 2.

Bias temperature stressing (± 106 V/cm, 200°C for 15 m m .  and cooling under

bias) revealed a mobile positive charge level of 5 x 10 10 charges/cm 2.
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I. M.aa.re..as Proce~~ e

The avalanche injection technique of Nico llian , Goetzberger , and

Berglund9 was used to induce electron flow through the Si02. We have devel-

oped a circuit that automatically increases the applied voltage to maintain a

constant average “DC” current throughout the run. A 500 kHz square wave

voltage source is used instead of the sine waves used by Nicollian, Goetzberger , 2

and Bergiund. In addition , our apparatus automatically measures the flat band

voltage by interrupting the avalanche process at pre-set periods that range from

15 to 100 sec. We believe this is a more reliable technique than tracking the

avalanche voltage as a measure of the charge build up in the Si02. This data is

stored in a computer. A schematic representation of our apparatus is shown in

Fig. 1.

The analysis of the data is based on fitting exponentials to the results

and our computer program will do this if we have up to two exponentials

involved. We use the following relationships for a single trap

~ VFB ~~~ (1 ~e t~’~) (1)

where ~ VFB in the change from the initial value , ~~~ is the flat band voltage

change if all the traps are filled and t is the time constant related to the trap

cross section as follows:

o~~~q / r J ~ . (2)

_ 
ft 
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The electronic charge is q, 
~G is the average “DC” current density which

was 5.78 x 10~ amps/cm 2 for most of these experiments. In many cases we

find it is necessary to use at least two different traps to explain the results. To

fit these exponent ials , we calculate dV FB/dt from our data. A plot of

Ln (dV FB/dt) vs t (5)

p .

will result in a line if a single trap is involved. The slope is — l/ T and the

initial value i~V1/r . The slope is used (using a least squares fitting procedure )

to determine r . The intercept at t— 0 can be used to calculate ~~~ if r is

known. If two traps are involved a break in the curve is observed. In this case,

the analysis is carried out for the later times (after the break) for the second

trap. 3 Correction is made for the filling of this trap that occurs up to the time

of the break. The calculated exponential is subtracted from the original data

and a similar analysis is carried out on this data which contains the flat band

shifts due to the first trap. Finally the calculated results for the sum of the two

exponentials are subtracted from the original data and the difference is plotted

as a function of time. If significant structure exists in this plot , then we know

that the results can not be fit by two exponentials and the results are not used.

The relationship between the trap density per unit area (N ) and ~V1 is given by

N=  ~V (6)

where 
~~ 

is the low frequency permittivity of Si02, q is the electronic charge

and D~ is the distance to the charge centroid as measured from the metal
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electrode. If D~ is not known then we refer to our effective trap density (N eir )

given by
N~rr — q~~

T
~~ Vt

where D0~ is the oxide thickness.

UI. Exper~.entaI ~eivlts

A. Effect of Proce~iia~

The change in flat band voltage (~ VFB) as a function of avalanche time

is given in Fig. 2 for measurements at 295°K and 77 °K. It is seen that the

lowest trapping rate is observed for the dry sample with a post metallization

annealing treatment. The effect of post metallization annealing is large for the

dry samples but small for the wet samples. A large difference is also observed

between measurements at 295°K and 77 °K. These samples were removed

from the oxidation tube immediately after the oxidation. Further work has

shown that the trapping can be reduced if the samples remain in the oxidation

tube at temperature, with the oxygen turned off , for a period of time. This will

be discussed further in a subsequent section. Unless specified otherwise the

samples for the measurements that follow are given a 30 mm treatment in N2 at

the oxidation temperature after the oxidation is completed.
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B. Dependence on S102 kkflO~$

A series of samples were made with the Si02 thickness varied from 235

A to 940 A. The results are shown in Fig. 3 for ~neasurements at 295 °K. It is

seen that there is a strong dependence on oxide thickness. If the traps are

located uniformly throug hout the oxide and if the volume concentration is the

same for all the samples then it would be expected that the flat-band voltage

shifts would go as the square of the oxide thickness. If the traps are located in

the vicinity of the Si-Si02 interface and if they have a constant areal density

from sample to sample then the dependence on oxide thickness should go as the

first power. The results of Fig. 3 are replotted in Fig. 4 where the flat band

shifts divided by the oxide thickness are plotted as a function of time. This

clearly shows that there is a stronger dependence than the first power. To

investigate this further the average flat band voltage shifts (take to 3000 sec.)

divided by the oxide thickness were calculated and plotted as a function of

oxide thickness in Fig. 5. This curve is linear , clearly showing that the trapping

rate varies as the square of the oxide thickness. Measurements were made

using the Photo I-V techni que 10” 1 which showed that the centroid of the

trapped charge is approximately in the middle of the oxide confirming our

conclusion that traps are distributed uniformly throughout the oxide. There

was a slight tendency for the centroid to be slightly closer to the AI-Si02

interface than the Si-Si02 interface. t
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Measurements made at 77°K showed a different dependence. These

results are shown in Fig. 6. In this case, the dependence on thickness was not

as strong as for room temperature. In Fig. 6, the flat band voltage shift divided

by the thickness is plotted as a function of time and it is seen that the results

do not quite come together. However, if the square of the thickness is used (cf

Fig. 8) then we obtain the reverse order indicating that this is not the correct

dependence. The results can be brought together as shown in Fig. 9 if we

assume the additional charge trapped at 77°K has a charge centroid — 90 A

from the Si-Si02 interface. These results are confirmed by photo I-V

measurements~~
1 which yield a similar result.

The stronger thickness dependence for room temperature measurements

as compared to 77 °K results in a large difference in the electron trapping if

samples with a thin (297 A) oxide are used as shown by Fig. 10.

C. Procendn~ Dependence

The effect of processing conditions is also different for the two measur-

ing temperatures. This is illustrated in Fig. 11 where it is seen that the room

temperature trapping is reduced if the post oxidation annealing treatment is

done at I 000°C whereas at 77°K the optimum temperature for this treatment

is — 800°C.
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D. Anomolons Pusiih’e Charge Effect

If the avalanche currents are passed through the sample for longer times ,

it is observed that the flat band voltage shift does not continue to increase

monitonica lly but that a maximum shift occurs followed by a decrease as shown

by Fig. 12. This was also observed by Gdula 4 . The photo I-V technique has

also been applied to this case with the results shown in Figs. 13, 14, and 15.

The relatively large shifts observed by the photo I-V as compared to the C-V

measurements indicate the presence of positive charge at the Si-Si02 interface.

It is well known that the photo I-V results are not sensitive to the Si-Si02

interface charge whereas this charge does effect the C-V results. This work

clearly shows that the “turn around effect ” is due to a positive charge building

up at the Si-Si0 2 interface which compensates the negative charge due to

electrons trapped in the bulk of the Si02. It has also been observed that this

effect is significantly reduced if the sample is given a prolonged post oxidation

heat treatment (cf. Fig. 16). The build-up of positive charge depends on the

total electronic charge flowing through the Si02 as shown in Fig. 1 7 where a

comparison is made between two measurements made at 3 x j~~ 7 and 3 x IO~

amps and it is seen that the results come together if the flat band voltage shifts

are plotted as a function of the charge per unit are passed through the Si02 as

shown by Fig. I 7.

Further work has shown that this buildup in charge occurs even faster if

the avalanche current is turned off. The change that occurs in this case de-

pends on the charge that has flowed through the sample. The application of a
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moderate field (4-6 x 106 .cm) can increase or decrease the positive charge as

shown by Fig. 18 depending on the polarity used. The sign of this effect

indicates that the charge causing these shifts comes from the Si and not from

the Al or is not due to the transport of ionic species across the Si02. The

charging and discharging of these sites can be expedited by the use of an

elevated temperature indicated by Fig. 19 and it appears that the positive

charge can be eliminated under these conditions. This work indicates that

donor states are generated in the vicinity of the Si-Si02 interface by the pas-

.4 sage of current through the oxide and these states can be charged or discharged

at will by the application of electric fields particularly at elevated temperatures.

These states appear to be similar to those generated by VUV and negative gate

bias reported by Weinberg and Rubloff 12. These states are not generated if the

avalanche injection occurs at 77 °K instead of 295°K.

F.. Electron Trapple~ Cksractertstks

The effect of a positive gate bias at elevated temperature suggests the

possibility of studying the electron trapping behavior without the complications

of the compensating effect since a positive voltage is used for the avalanche

injection process. This was done as shown by Fig. 20 and it is seen that the

“turn around effect ” disappears at elevated temperatures. The electron trap-

ping characteristic for the higher temperature can be analyzed and two traps

are observed with cross sections and effective densities listed below:

t
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a (cm 2 ) Neti (cm 2 )

3. 18 x l0~~ 5.8 x 10 ’’
3.35 x l0~~ 8 x 10”

F. Si Gate Process

It is interesting to note that samples made using a Si gate process instead

of the Al gate do not show the turn around effect as seen by Fig. 21 and also

have a smaller effective density of the second trap as shown below:

o(c m 2 ) N~i1(cm 2 )

2.40 x l0 ’~ 2.04 x l0~ ’

2.27 x l0 ’~ 2.76 x 1010

The second trap is much smaller in the Si gate process. We believe this trap is

due to H 20 in the Si02 and the lower concentration for the Si gate process is

due to the high temperature used for this process (— 900°C) which may reduce

the H20 concentration. The absence of the “turn around effect ” for t he Si

gate also suggests that H20 may be responsible for the “ turn around effect ”.

101

- _
,

_ — -  — .——.—
~~~

- .—
~~~

L —~~~ 
____________________________



iv. Ca.cI.s~io.s

The electron trapp ing behavior of Si02 depends on the H20 contents of the

Si02, the heat treatment following oxide growth , the past metallization treat-

ment , the gate technülogy and on the temperature used for the measurement.

When a temperature of 295 °K is used for the measurement , the traps are

uniformly distributed throughout the bulk of the Si02. This observation is not

consistent with the results of Ushirokawa , Suzuki and Warashima 12 who
I.

observed a thickness dependence of the trap concentration. The difference in

the results may be due to the thinner oxides used in the present work (232 to

940 A) as compared with their study (600 to 2000 A) or may be done to the

“wet oxides ” used for most of their work. For measurements at 77 °K the

dominant traps are near the Si-Si02 interface. Donar states are created in the

vicinity of the Si-Si0 2 interface by the passage of current through the Si02.
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Figure CaptIons

Fig. 1. Schematic Drawing of Apparatus Used for Avalanche Injection.

Fig. 2 Flat Band Voltage Shift (~ VFg) as a function of time for a constant

avalanche current. Sample removed immediately from oxidation

chamber after oxidation. Measurement made at room temperature

(295 °K) .

Fig. 3. ~V FB as a function of time for various ox-ide thicknesses. The post

oxidation treatment (POA) was at 1000°C for 1 hour and the post

metallization treatment (PMA) was at 400°C for 20 minutes.

Fig. 4. Results of Fig. 3 reploued with the ordinate ~ VFB/DOX .

Fig. 5. Average L~VFB (taken to 3000 sec.) taken from results of Fig. 3 as a

function of D0~.

Fig. 6. IWFB as a function of time for measurements made at 77 °K. t.

Fig. 7. ~VFB/DOX as a function of time.

Fig. 8. L~VFB/ (D OX )2 as a function of time.

Fig. 9. ~ VFB/~DOX — 9 x 1ff 7 ) as a function of time.

Fig. 10. Comparison of flat band voltage shifts for measurements at 77 °K

and 295 °K. Oxide thickness 297 A.
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Fig. I t .  Effect of post oxidation annealing temperature on flat band voltage

shifts for measurements at 295°K and 77°K.

Fig. 12. Flat band voltage as a function of time showing “turn around ef-

fect ” .

Fig. 13. Photocurrent as a function of gate voltage curve for positive gate

voltage made before avalanche injection (solid circles) and after

injection (open circles).

Fig. 14. Photocurrent as a function of gate voltage for negative gate voltage.

Fig. 15. Capacity as a function of gate voltage curves made before avalanche

injection (solid line) and after avalanche injection (dashed line) .

Fig. 16. Effect of post oxidation heat treatment (POA) on “turn around

effect ” .

Fig. 17. VFB as a function of charge/unit area

Fig. 18. Effect of electric field on VFB after avalanche injection.

Fig. 19. Increased effect due to elevated temperature

Fig. 20. Elimination of “~.urn around effect ” at elevated temperatures.

Fig. 21. ~ VFR as a function of time for sample made with silicon gate

process.
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-aABSTRACT -
. -

The appearance of positive interfacial charge at the Si — SiO, interface in a metal (Al)
- Si02 - silicon (MOS) structure illuminated by VUV (~ 9 eV) light (Al- negative) or

subjected to electron avalanche-injection (Al - positive) has been found to depend on water
exposure of the Si02 layer. This finding raises the possibility that these effects can be
explained by the diffusion of water-re lated sp~cies (especially H), rat her than by the diffusion
of excitons, as has been previously proposed . - Although we can not unambigously decide
w hether the source of the VUV effect is diffusion of excitons or water-related species, it
appears more likely that the water enhances the detection efficiency of the diffusing species as
they reach the Si-SiO-, interface.

• This research was supported in part by the Defense Advanced Research Projects Agencyand monitored by the Deputy for Electronic Technology. RADC, under Contract F19628-
76-C-0249.
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Exciton Or Hydrogen Diffusion In Si02 ?

Z. A. Weinberg. D. R. Young, D. J. DiM4ria, and G. W. Rubloff.

IBM Thomas i. Watson Research Center

Yorktown Heights, NY 10598 
- 

- -

ABSTRACT

The appearance of positive interfacial charge at the Si — Si02 interface in a metal

(Al) — Si02 - silicon (MOS) structure illuminated by VUV (~ 9 cV) light (Al - negative) or

subjected to electron avalanche-injection (Al - positive) has been found to depend on water

exposure of the Si02 layer. This finding raises the possibility that these effects can be
p.

explained by the diffusion of water-related species (especially H), rather than by the diffusion

of excitons, as has been previously proposed ”2. Although we can not unambiguously decide

whether the source of the VUV effect is diffusion of excitons or water-related species, it

appears more likely that the water enhances the detection efficiency of the diffusing species as

they reach the Si-Si02 interface.

This research was supported in part by the Defense Advanced Research Projects Agency

and monitored by the Deputy for Electronic Technology, RADC. under Contract F19628-

76-C-0249.
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It has been previously prop ised that several effects related to charge trapping at the

interfaces of MOS (metal - Si02 - silicon) structures may he the result of migration of stable

exc itons across relatively long distances in the oxide 1 ,2
, We have recently found that these

effects are inf luenced by water exposure during processing, which raises the posibility that

they are caused by diffusion of water-related spec ies, such as hydrogen, instead of exc itons. - — -

A lternatively, the exciton model may still be correct , the water merely affect ing the efficiency

of exciton detection at the interface. We have investigated this issue by performing various

expe riments on both “dry ” and “wet ” samples. as described in this communication. In spite of

our inability to resolve the issue at the present time, we present the experimental results and

discuss their implications because the possibility of exciton migration is of fundamental 4 -

importance both to the understanding of various trapping and radiation effects in MOS

structures and to theoret ical studies of SiO, In fact, recent advances3 5  in the theory of the

-~~~ 
electronic structure of Si02 strongly support the long standing belief that features in its optical

spectra are excitonic in origin6 and that the absorption edge is dominated by an exciton which p

produces the first absorption peak at 10.45 cV7 .

To investigate the effect of water , samples were prepared by the oxidation of silicon

wafers in a “dry” 02 ambient followed by a 5-mm anneal in N2, both done at 1000°C. After

oxidation, several wafers were placed in boiling deionized water for 5 m m ;  samples from these

wafers are referred to, herein, as “wet ”. The silicon wafers were n- or p- type, .1 - .2 t2cm,

and (100) oriented. The oxide thickness was 105 nm. All wafers were metallized together by

an array of aluminum dots, 15 nm thick , and 1.25 mm in diameter. There was no post-

metallization anneal.

The experimental findings which need an explanation are the “negative-bias VUV effect ” —

and the “avalanche-injection turn-around effect ”; both effects refer to the appearance of

positive charge at the Si — Si02 interface. The former effect occurs in samples which are

illuminated by ionizing (hv~~9eV) vacuum-ultraviolet (VUV) radiation with the Al electrode
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biased negatively t’2, and the latter effect occurs iii samples subjected to injection of electrons

from the Si into the SiO, by the avalanche-injection tvchni que~ in which the Al is hiascd

positively. It should be noted that in both experiments electrons constantly flow through the

Si — Si02 interface and annihilate part of the positive charge being trapped there. This

annihilation , or electron-hole recombination , depends on the applied electric field and its

cross-section decreases with increased field.9 The positive charge remaining after the charging

treatment can be further reduced , but not entirely removed , by electron injection at low Fields

from internal-photoemission at hv<5.5 eV. It is reasonable to assume that the part of the

positive charge that can not he annihilated is due to traps situated very close to the

Si — Si02 interface which act as surface states , with other traps being distributed further

from the interface and acting as oxide charge. With this interpretation the distinction between

surface-states and oxide charge is merely a function of their proximity to the interface; it is

more commonly assumed however , that the distinct ion arises from differences in chemical (or

bonding) origins 10 Except for the annihilation experiment we have not separated these two

components and therefore we shall refer below to the accumulatis-c positive charge as the

“interfacial charge .”

In order to determine whether the trapping efficiency for holes at the Si — - SiO.,

interface has been affected by the water treatment , we have also performed hole injection

experiments by either hole avalanche — injection ’ or by drifting holes under positive bias in

the VUV exper iments 12 . In addition, we have used the photo I-V technique to determine the

location of the various trapped charges in the oxide13 ’14. We next present the experimental

results with an emphasis on the comparison between the “wet ” and “dry ” samples.

1) VUV experiments. Samples were illuminated by VUV photons with the Al electrode biased

either nega tivel y (Fig. I) or positively (Fig. 2). A mask was used to shield the unmetallized

surface of the oxide and to collect secondary photoemitted electrons. The data of Figs. I and

2 show the rate of accumulation of positive interfacial charge (at the Si — Si02 interf;’ce ) as
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a function of photon energy. More experimental details are given in the figure captions. For

the “negative-bias VUV effect ” shown in Fig. 1, the data for the “wet ” samples show an

enhanced trapping relative to the “dry” samples by a factor of approximately 10, over the

entire spectrum. To facilitate the discussion below, the absorption length (L) of the light in

the oxide is also shown in Fig 1. These data were measured on thin oxide membranes

produced by etching a window in the silicon substrate.7’ 15 In the positive bias experiment (Fig

2), holes are drifted toward the Si — Si02 interface and the “wet ” samples show an enhance-

ment of hole trapping by a factor of about 4 over the “dry” samples. The data, as indicated

by error-bars, are somewhat less accurate because the hole current was not constant and has

ex hibited some decay with time because of hole trapping at the Al — Si02 interface.

2) Avalar.che-injection of electrons and holes. The a.c. avalanche-injection technique has been

described in detail elsewhere8. In this technique, hot carriers are injected (in pulses) from the

Si in to the Si02, over the interface energy-barrier. Either electrons ( + V~~) or holes (— V G)

can be injected from p- or n- type substrates, respectively. In these experiments the oxide

current is kept constant by automatic adjustment of the applied voltage. The data for electron

F 
injection (Fig. 3) and hole injection (Fig. 4) are shown by plotting the shifts of C-V curves as

a funct ion of time. ‘rhe “turn-around effec t”, seen in Fig. 3, is the resul t of the initial

trapping of electrons on sites distributed in the oxide bulk which is surpassed, after a period of

t ime, by the accumulation of positive interfacial charge. Note that negative C-V shifts (— ~V)

indicate positive trapped charge and vice versa. Fig. 4 shows the rate of hole trapping at the

Si — Si02 interface for avalanche-injection of holes. Because of some difficulties with

keeping the hole current constant, the data show somewhat larger errors, as indicated in the

figure.

3) Photo I-V Measurements . With a technique which has been described extensively

elsewhere13’14, current-voltage (l-V) characterstics of electron internal-photoemission (IPE)

from both electrodes are compared before and after the charging treatment. Since IPE is
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sensitive to the field near the injecting electrode, shifts or distortions in the curves provide

information on the location of the trapped charge.

Tables I and II summarize the amount of trapped charge per unit area in the oxide layer

for wet and dry samples after avalanche injection of the indicated number of electrons per unit

area. For the low current avalanche injection conditions in Table I (4 x l0~~ A for 600 sec),
- 

- the wet oxide traps more electrons than the dry oxide and has its centroid closer to the

Al — Si02 as expected. For the high current avalanche injection conditions in Table II

(3 x io-~
7 A for 2000 see), a similar behavior between wet and dry is seen for the amount

and location of the negative trapped charge. However, for the conditions of Table II a large

positive charge is also found very near the Si — SiO, interface as discussed in the preceding

sect ion on avalanche injection. Separation of the positive interface charge from the bulk

negative charge requires both the C-V and photo I-V techniques as discussed in previous

publications8”3”4 . - The wet sample has more trapped positive charges than the dry sample.

This behavior was also observed in previous .scctioqs for hole trapping near the Si — Si02

interface after hole avalanche injection from the Si (see Fig. 4) or hole generation across the

Si02 bandgap (see Figs. I and 2). If the dry oxide MOS samples were annealed in forming

gas at 400°C for 20 minutes after Al metallization, both negative and positive trap charging

under similar conditions to those in Tables I and II are reduced by approximately a factor of

0.5. Clearly, the data presented here shows a strong correlation of the “avalanche-injection

turn-around effect ” with the presence of water in the Si02 layer.

Discussion

The finding that water influences the “negative bias VUV effect ” and the “avalanche- - -

injection turn-around effect ” may indicate that these effects originate from the diffusion of

water-related species. Since both effects occur under opposite polarities, the diffusion of H

(atomic hydrogen) may be responsible for both, rather than the diffusion of excitons as has

133

—— — -— -~~~~~~~~~~ — .  —-~~~ .— ~-— ~~ -— ~
-5s_

~ s_
_
~~
’. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . .~~~~~~~~~~~~~~~~~~~ .



-
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~

::—
~~~~~~~~~~

-- — ~~~~~~~~~~~ . - -

been previously suggested.1’2 Free hydrogen could be generated by Si02 exciton decay, hole

trapping, electron trapping, or photon absorption at water-related centers. A possible explana-

tion in terms of the drift of 0H under one polarity (“VUV effect ”) and H” for the other

polarity (“avalanche-injection effect ”) is discounted because the former effect was found to

decrease when the applied field was increased1 and because 0H is a rather large ion.

The H- diffusion model runs into a difficulty, however, when the spectral dependencies of

Fig. I are considered. As seen in the figure for hv>1O eV the effect follows the behavior of

the optical absorption length (L) and decreases even more sharply when the light is absorbed

closer to the Al electrode (the dip near 10.5 eV). Going to lower photon energies, as I

becomes larger than the oxide thickness, the effect decreases because of smaller total absorp-

tion in the oxide. This light absorption in the oxide produces a more pronounced effect when

the absorption takes place nearer the Si- SiC)2 interface (i.e. when L is larger). The water

content is larger near the Al electrode, ex~ecially in the “wet ” samples as has actually been

shown by the photo I-V results. If water-related species were the source of the effect, we

would expect that: (I) the effect would be stronger at smaller 1, particularly for the “wet ”

samples, and (2) the shape of the “wet” curve in Fig. I would differ from that of the “dry”

curve in showing a relatively enhanced effect at smaller L. Neither expectation is fulfilled by

the data.

In fact the “wet ” and “dry” curves of Fig. I show mainly a change in scale, which could

result if only the detection efficiency of the effect was influenced by the water. With this

interpretation the exciton model may still be the correct explanation for the source of the

effect. The fact that hole trapping at the Si — Si02 interface has been affected by the water •

treat ment is seen in the experiments where holes are transported across the interface : the

positive bias VUV experiment (Fig. 2) and the hole avalanche-injection experiment (Fig. 4).

The “wet ” versus “dry” enhancement of the “negative-bias VUV effect” of Fig I is stronger

than the enhancement of hole trapping seen in Figs. 2 and 4. This may indicate that the

4
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trapp ing efficiency for excitons at the interface is more sensitive to the water treatment than —

t he trapping efficiency of holes. One may ask how the water can affect the interface so

strongly. This may result from water molecules diffusing to the interface. Alternatively, water

react ion at the Al-Si02 interface, which is believed to produce hydrogen’6, could lead to

hydrogen diffusion through the Si02 to the Si-Si02 inter face and modify its trapping efficien-

cy. With the latter mechanism, aluminum-oxide (or hydroxyl) trapping centers , would also be

generated near the Al — Si02 interface. These centers may be responsible for the

“avalanche-injection turn-around effect ” as eit her electrons or excitons, trapped there, ma~

produce a hole that drifts under the positive applied voltage to te< Si — Si02 interface. It

should be noted that close to the Al electrode it is easier for excitons to dissociate into free

electrons and holes, than in the oxide bulk.

In conclusion, we can not unambiguously decide whether the source of the VUV effect is

diffusion of excitons or water-related species. However , it appears more likely that the water

enhances the deteetion efficiency of diffusing species as they reach the Si-Si02 interface. This

would mean that the enhancement of both the VUV effect and the avalanche-injection

turn-around effect by water exposure during processing- may result from increased conversion

eff iciency in producing positive charge at the Si-Si02 interface.
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Figure Captions

Fig. I The “negative bias VUV effect.” The data show the accumulation of positive

charge at the Si — Si02 interface as a function of photon energy. The Al

bias was V6 — —12 V. Negative C-V shifts (—LV) indicate positive trapped -‘

charge. The plotted shifts were scaled to give the equivalent of I mm of

illumination at an incident photon flux which produces a current of 5 x 10_ I l

A in the oxide for h’? 10 eV. The absorption length of the light in Si02 (L,

the inverse of the absorption coefficient) is also shown (the nghthand scale).

“Wet ” oxides were immersed in boiling deionized water, for 5 mm , prior to

metallization.

Fig. 2 Hole trapping in the oxide under VUV illumination and positive bias,

V0~ 12 V. The normalization to incident photon flux and to time of itlumina-

tion are the same as in Fig. I.

Fig. 3 The “avalanche-injection turn-around effect ,” The data show the time

dependence of voltage shifts of the C-V curves in samples subjected to

(pulsed) avalanche-injection of electrons from the Si into the oxide. Note that

positive s~V indicates negative trapped charge. The time-averaged current

through the oxide was 3 x 10’~ A and was kept constant by a continuous - :

adjustment of V6 (42 to 54 V).

Fig. 4 Avalanche-injection of holes from the Si (n-type) into the oxide. The currents

were 3 x l0 ’~ A and V6 was adjusted between —42 and —55 V. The larger

errors bars result from some difficulties in keeping the current constant.

138

__ _____ ________ Hi_ __ ___ 5- -5- --
~~

5------
~
- - — - -——-r- ’- — -—_ 

~~~~~~~~~~~

—- ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~ ~~~~~~~~~~ 
5 - ’

~



~ 

_ _ _  :~~~T .1i~~~~~ 1 
1-

TABLE I

Trapping Comparison Between Wet and Dry Oxides for

1.2 x 1016 Avalanche Injected Electrons per cm2

N~ 
(cm 2 ) (cm) t

Wet 1.37 ± 0 1 x 1012 43± 3 x l0~~

Dry 7.6 ±.1 x 10’’ 5.l ±.5 x lO_ 6

tNe = total number of trapped electrons per unit area

— centroid of trapped electron distribution measured from

Al - Si02 interface.

I
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TABLE II

Trapping Comparison Between Wet and Dry Oxides for

3.0 ~ io’~ Avalanche Injected Electrons per cm2 -

N
~ (cm 2) !~ (cm) Nh (cm 2) !

h 
(cm)t

IiWet 9.l9±.02 x 10 12 3.9± 1  x l 0 6  2.4 ±.4 x 1012 1.00± 05 x l0~~

Dry 7.82±.04 x 1012 4.5 ± 1  x 10—6 l.8±.4 x 1012 1.00±05 K I0~~

- 4
- —S

tNh — total number of trapped positive charges per unit area

= centroid of trapped positive charge distribution measured from

Al - Si02 interface.
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RADIATION DAMAGE IN SILICON DIOXIDE FILMS EXPOSED TO REACTIVE ION
ETCHING’

by

Di. DiMaria. LM. Ephrath and DR. Young
IBM Thomas J. Watson Research Center
Yorktown Heights . NY 10598

Technical Assistance of:
F.L. Pesavento , iA .  Calise , and the
Silicon Process Studies Group

Typed by Candi Brown (DD.2218)

ABSTRACT

The enhanced electron trapping characteristics and the location of this trapped chacge in an
SiO, layer exposed to either CF4. 02. or Ar plasmas in a Reactive Ion Etching (RIE) system
are reported. Capacitance-voltage (C-V) and photocurrent-voltage (photo l-V ) techniques
were used to monitor charge trapping and location after the samples were incorporated into
meta l-oxide-semiconductor (MOS) capacitors. Using a CF4 plasma which etches Si02 .
trapping sites caused by penetrating radiation were observed. These traps were removed by
annealing at temperatures � 600°C for 30 mm in N2 prior to metall ization. These bulk SiO,

— trapping sites showed no strong dependence on whether the samples were placed on the anode
or cathode in the RIE chamber , implying no preferred directionality in the photons which are
believed to generate them. With an 02 or an Ar p lasma which does not etc h SiO~. an
additional trapping layer within about 100 A of the exposed SiO., surface caused by penetra-
t ion of energetic ions (� 400 eV) was detected. Trapping in this layer was greatly reduced by
a 1000°C anneal in N2 for 30 mm , and almost entirely removed by a buffered HF dip which
etc hes about 100 A of Si02. Samples placed on the anode (ground plane) of the RIE system
which would see energetic secondary electrons, but only relat ively low energy ions
(approximately 20 eV), also had electron trapping sites near the exposed surface: however , the
trapping in this layer was greatly reduced compared with samples placed on the cathode.

‘ This research was supported in part by the Defense Advanced Research Projects Agency
and monitored by the Deputy for Electronic Technology, RADC, under contract Fl9628-
76-C-0249.
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A BSlRA ( ’F

Ihe en hanced electron trapping characteristics and the location of this trapped charge in :
:~ii SiO~ layer exposed to either (‘F4. 0,. or Ar plasmas in a Reactive Ion Etching ( KIt )

system are reported. (‘apucitaitce-voltage ((‘ -VI and photocurrent-vo ltage ( photo I- VI

tec hniques were used to monitor charge trapping and location after the samples were incorpo-

rated into meIal-oxi de-scmi~’(~nduct~)r CMOS) capacitors. I.lsing a (‘F4 plasnaa which etches

5,0,. trapp ing sites caused by penetrat ing radiation were observed. These traps were removed

by annealing at temperatures ~ 
6(X)°(’ for 30 mitt in N, prior to metalhization. These bulk

Sit), trapping s,tcs showed no strong dependence on whether the samples were placed on the

anode or cat hode in the RIE chamber , impl ying no preferred directionality in the photons

w hich are believed to generate them. With an 0, or an Ar plasma which does not etch Sit) , .

an additiona l trapping layer within about 100 A of the exposed Sit), surface caused by

penetration of energet,c ions (S 401) cV )  was detected. irapping in this layer wa s grcatl~-

reduced by a l004)°(’ anneal in N1 for 31) mm . and almost entirely removed by a buffered HF

di p w hich etches about lOft A of Si( ), - Samples placed on the anode (ground plane) of the

KIF system which would see energetic secondary electrons, hut only relat ively tow energy ions

‘
~h~ researc h was supported in part by the Defense Advanced Research Projects Agency

and monitored by the Deputy for Electronic Technology, KAI)(’ , under contract i~ 1962$-

76-C-0249 .
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(approximately 20 eV), also had electron trapping sites near the exposed surface; however , the

trapping in this layer was greatly reduced compared with samples placed on the cathode.
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I. Introduction

Reactive Ion Etching (RIE) is currently used in processing for silicon technology. RIE is

a dry etching technique that is capable of etching densely packed micron dimension Structures

such as the 8K bit memory chip Ill which was based on a 1.25 micron dimension, polysilicon

gate. FET technology. In R’E, wafers are loaded on an rf cathode and etched in a low

pressure discharge of a gas such as CE4 12 ,31. In this configuration, the directional etching

that is required for the delineation of fine lines is observed; that is, the etch profile is nearly

vert ical and there is no undercut of the etch mask.

In this work , RIE induced radiation damage was studied by etching Si02 films in a CF4

plasma or by exposing them to an 02 plasma which does not etch Si02 but is used to strip

res ist and clean wafers. Trapping studies are then carried out. Traps are introduced by the

impinging ions, electrons, and/or high energy photons as shown schematically in Fig. 1. The

ions which have significant energies are implanted into the Si02 film. The atomic displacement

damage caused by the ions as well as the implanted ions themselves can form trapping sites for

electrons or holes 14 .51. High temperature annealing (1000°C in N2) removes the atomic

displacement damage, but trapping sites related to the implanted ions are still present [5].

Ions, electrons , and high energy photons generate positively charged traps (trapped holes) and

uncharged (neutral) sites [5-91. The trapped holes are generated when electron-hole pairs are

created in the Si02 by ionization across the bandgap with the energetic particles or light, and

some of these holes are captured from the oxide valence band into energetically deep trapping

sites, near the Si-Si02 interface 191. These trapped holes are removed by low temperature

annealing (400°C [7]), and therefore they are not particularly a problem and will not be

considered further. The neutral centers which can capture electrons are also believed to be

created by the bandgap ionization process, but they are more difficult to anneal out [7,81.

They require a 600°C anneal and therefore can not be removed (as can the trapped holes)

when Al electrodes or contacts are already in place (71.

1/’~

- . 
—5-- 

- —,
.
~ ~~~~~~~~~~~~~~~

—5--- . — — .-.— .—•‘.
~ 

-5--——— —,

~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~ —



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

- —

The neutral traps and traps caused by or related to the implanted ions, both of which

capture electrons in Si02 films, will be investigated here for various RIE conditions; for

example, CF4 etching of Si02 as compared to 02 clean-up of hydrocarbons from the surface of

etched Si02. The neutral traps in the RIE samples will be shown to be introduced by photons

with energies ~ 800 eV. The similarity of these traps with bulk neutral traps induced by high

energy x-rays or e lectron beams [6,81 w ill also be demonstrated. These traps cause an

accelerated space charge build-up in the 
~ °2 layer and head to device degradation and failure

particularly in metal-oxide-semiconductor (MOS) field effect transistors (FETs) where channel

hot electron effects are present during operation 1101.

In the following section. the experimental set-up for the RIE chamber will be discussed as

well as the sample fabrication. Then, the experimental techniques used to study trapping and

charge location will be discussed followed by the experimental results and their implications for

the samples under study here.

II. Experimental

A. RIE System -

The Reactive Ion Etching system used in this work is shown in Fig. 2. The substrates

- 
- 

were loaded onto an 18 cm diameter aluminum plate. The aluminum plate was mechanically

and electrically connected to the water cooled copper rf cathode. A perforated anode plate

which was attached to the grounded chamber was placed 3.3 cm from the cathode in order to

conf ine the plasma to the volume between the cathode and the anode. The anode plate did

not confine the plasma completely (a weak glow was visible in the rest of the chamber), but it

was used so that wafers could be monitored visually during etching and also to ensure an

adequate and uniform supply of etchant in the vicinity of the wafers. The chamber was

evacuated with a 6 inch oil diffusion pump and then backfilled with 40 seem CF4. 02, or Ar to

establish a dynamic pressure of 3.33 Pa (25 mihlitorr). During etching, 0.25 W/ cm2 is

14~ 
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delivered to the cathode. Under these conditions, the peak-to-peak voltage is 800 V. The dc

voltage at the cathode is approximately one half of the peak-to-peak voltage 1111. The etch

rate of silicon dioxide in CF4 is about SOt) A/mm . Silicon dioxide is not chemically attacked

in the 0, and Ar plasma. hut it is removed by physical sputtering at a rate of about 25 A/m m .

B. Sample Preparation

Dry Si02 f ilms of 1500 A thickness were grown on boron doped, <100> orientation, 0.1

to 0.5 0-cm resistivity silicon substrates, The oxide films were then exposed to a CE4, °2 or

Ar plasma. The films exposed to the CF4 plasma were etched back to approximately 1000 A.
Other films were exposed to 02 and Ar plasmas for I to 10 minutes. The wafers were then

cleaned to remove metals and hydrocarbons from the surface of the Si02 in alkali and acid

perox ide solutions using a procedure similar to that used by Irene (12j but without HF. Some

wafers rece ived a buffered HF dip at this point in order to remove — 100 A from the surface of

the oxide. After cleaning, some wafers were annealed in a N2 ambient for 1/2 hour. Anneal-

ing temperatures ranged from 600 to 1000°C. Circular Al dots, 135 A in thickness and 5.2 x

io— ~ cm2 in area, were then evaporated in vacuum from resistively heated Ta boats or rf

heated crucibles, Finally, the backs of the wafers were stripped and metallized and a forming

gas anneal at 400°C for 20 minutes was carried out.

C. Techniques

To investigate the enhanced electron trapping characteristics of Si02 layers exposed to

plasmas in an RIE system, avalanche injection 113 ,14) and internal photoemission [15- I7j

tec hniques were used to inject electrons from the contacts of the MOS structures into the —

Si02. The experimental apparatus for avalanche injection [181 and internal photoemission [191

have been described in other publications. As the electrons traversed the film in the presence

of an applied electric field, some of the carriers were trapped into sites created by the RIE

conditions. This trapping was not particularly sensitive to the mode of carrier injection:

15~
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avalanche from the Si or internal photoemission from the Al or Si. The trapping rate was not

part icularly sensitive to the average field in the oxide layer which is consistent with the weak

field dependence of the capture process for radiat ion induced neutral traps recently reported

by Ning 181. This weak field dependence is in contrast to the strong field dependence of

electron capture on trapped holes 15 .8,91.

The build-up of this trapped charge was sensed through the internal electric field it

generates near the contacts by the capacitance-voltage (C-V) 120.211, and photocurrent-

voltage (photo l-V) 19.22,231 techniques which are well described in the literature. Typical

C-V and photo I-V data before and ,~ te r charging of samples exposed to CF4 or 02 plasmas

are shown in Figs. 3-8 and Figs. 9-Il , respectively. The voltage shifts between the C-V

curves depend on 10 where 0 is the charge per unit area and I is the charge centroid in the

ox ide layer measured with respect to the Al-Si02 interface 120 ,2 11. The voltage shifts between

photo I-V data for both ~- sitivc and negative polarity allow separate determination of x and 0

19,22]. The combination of the C-V and photo I-V techniques can also be used to separate

Si-S102 interface trapping from bulk SiO, trapping 19,22,231. Also by studying charge

build-up as a function of time, electron capture cross sections a
~ 

and trap densities N, can be

determined (51. These quantities (1,Q,o~. and N,) will be used to characterize the different

traps created by the exposure to RIE plasmas in the following sections. Only a very small

amount of trapping was seen for the charging conditions used on samples fabricated in. an

identical manner , but not exposed to RIE (for example , see Fig. 12).
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III. Results and Discussion

A. CF4 Plasma

C-V and photo I-V data characteristic of Si02 films etched in a CF4 plasma with the

samples placed on the cathode are shown in Figs. 3-8 before and after some of the trapping

sites were charged by internal photoemission or avalanche injection. The C-V flat-band

voltage shift (20,211 and the average photo I-V voltage shifts for positive and negative gate

polarity (9,221 are recorded in the figure captions. This data is characteristic of a bulk Si02

negative trapped -charge distribution with some slight increase in trapping near the Al-Si02

interface (22,231. From the values for the average positive and negative photo I-V shifts

(AV g~ and ~Vgm respectively) and the photo I-V relationship i/I — (I —~ Vg /~ Vg~ )-~~

where I is the total oxide thickness, a value indicative of bulk oxide charge (i/L~~O.5) is

obtained as listed in the figure captions. Comparison of Figs. 3-5 and Figs. 6-8 show that ih~

centroid of the trapped charge distribution is independent of the injecting interface and the

num ber of injected carriers.

Fig. 12 shows the trapped electronic charge build-up in the Si02 layer as a function of the

number of injected electrons for a sample etched in CF4 as compared to a sample from the

same batch that was not exposed to RIE. Clearly the etched film shows enhanced trapping.

This type of data was used to determine the capture cross sections and the trap densities

reported here using well established procedures [SI. The electron capture cross sections for - 
-

those traps have values between io ’~— i~~ ’~ cm2 with trap densities varying between

- lOu— 10 H cm 2. The traps could he removed by a 6(K)°(’ premetalhixation anneal in N2 b r

1/2 hr.

All these characteristics seen on samples subjected to RIE with CF4 are very similar to

those seen in trapping studies on the neutral traps introduced into the Si(), with 20-keV s-rays

or 25 keV electrons where the x-rays or electrons would uniformly penetrate the oxide layer

before being absorbed in the underlying Si substrate 16-8,241. Note the simihtrity of the data
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of Fig. 12 with Fig. 2 of Reference 4 and Fig. 2 of Reference 5 where clearly the radiation

induced neutral traps start to fill after at least 1014 electrons/cm2 have been injected.

As ment ioned previously, a series of experiments were performed to verify that CF4 R I E

samples had the same trapping and charge centroid characteristics as MOS structures exposed

to a penetrating e lectron beam. After exposure of MOS structure s with 525 A and 1095 A

thick dry SiO, layers, positively charged trapped holes were removed with an anneal at 400° C

in forming gas for 20 mm so that the radiation induced neutral-centers could be studied

separately. Figs. 13-15 show C-V and photo h-V data for neutral centers generated by ~ 1022

electrons/cm2 from a 20 keV electron beam. These data show fOr the first time that the

radiation induced neutral center first reported by Aitken ci al. 16-81 is a bulk Si02 trapping

site. i/I is approximately 0.5, independent of oxide thickness. Note the similarity of Figs.

13-IS with Figs. 3-8. If the radiation induced neutral traps are related to the bandgap

ionization process as speculated 151, subt le differences in the i/L ratio between the CF4 RIE

and c-beam irradiated samples are expected due to differences in the absorption coefficient of

S102 for the photon energies involved in the RIE process (�800 eV) and for the electron

energy involved in the c-beam exposure (20 keV). The high energy c-beam induced neutral

traps should have a larger value of i/L because the electrons penetrate more deeply. This is

seen experimentally (see figure captions for Figs. 5, 8, and 15). The electron capture cross

sections (from iO— ’~ to lO~~~ cm2 (6-8)) for the c-beam irradiated samples were very similar

to the CF4 RIE samples. As can be seen in Figs. 13-15 . there is no noticeable dependence of

the charge centroid on the extent of the number of filled traps which implies that all the

different cross section traps have the same spatial distributions. This observation is also

similar for CF4 RIE samples (See Figs. 3-8). After the first charging in Figs. 13-15 , all traps

with capture cross sections � lO~~~ cm2 were filled; and after the second charging all traps

with capture cross sections, � 10’~~ cm2 were tilled. A control sample, which was from the

same wafer but not c-beam irradiated, charged under similar conditions to those in Figs.

13-15 trapped ~25% of the total negative bulk charge found in the c-beam irradiated
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samples. The traps in the control sample are the well known water related sites (5) with a

centroid location of also ~ 0.5 of the oxide thickness.

The etching action of the CF4 plasma seems to be removing most of the ion implanted

region near the exposed Si02 surface which is seen on samples exposed to 02 or Ar plasmas as
I

discussed in the next section. The only trapping sites apparently created during RIE in CF4

are those caused by some form of penetrating radiation which in this case must be photons

with energies less than 800 eV. Electrons with energies �800 eV which are attainable during

the negative portion of the rf cycle would not penetrate very deeply into the Si02 layer 1251.

A series of experiments designed to test if the radiation in the RIE chamber had a strong

directional dependence were also performed. Here Si02 samples were placed on the anode

(ground plane) and cathode of the RIE system and exposed to a CF4 plasma which would etch

approximately 500 A of Si02 from the sample placed on the cathode (1 mm exposure).

Samples placed on the anode were not etched significantly. Also, one of the samples placed on

the anode had about 100 A of Si02 removed with buffered HF after CF4 plasma exposure.

No- pronounced differences were seen in the electron trapping characteristics and charge

location of these samples, implying an absence of any preferred directionality of the photons

creat ing the neutral trapping sites.

8. 02 or Ar Plasma

Samples placed on the cathode and exposed to an °2 or an Ar plasma displayed C-V and

photo I-V characteristics after electron charging like those in Figs. 9-Il. Another gas (Ar)

besides °2 which does not etch Si02 was used to determine the effect on trapping caused by

the type of gas plasma. These data in Figs. 9-Il are characteristic of strong trapping predomi-

nantly in a layer close to the exposed surface 19,22J. This trapping layer was created by low

energy (less than 400 eV) ion implantation into the Sb 2 of the positively charged ions

generated in the RIE chamber. From the photo I-V relationship and the values given for the
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average value of ~Vg + and the maximum observed value of AV g ,  the centroid ~ for the data

of Figs. 9-1 1 is within approximately 100 A of the exposed surface. The electron capture

cross sections for these sites have values ranging from about l0— ’~ to l0~~ cm2 with trap

densities >1013 cm 2. These are very efficient trapping centers with an initial capture

probability (product of the capture cross section and number of traps per unit area 15 1) of

>50%. The trapping probability was deduced by measuring the ratio of the build-up of the

number of trapped charges determined from C-V or photo I-V voltage shifts to the number of

injected electrons from the Si substrate 151. The numbers for the trapping probability were

also independently confirmed by comparing the current measured in the external circuit for

photoinjection from the Al electrode on identical samples with and without the 02 plasma

induced traps which are near the Al-Si02 interface. Because of the high capture probability,

the numbers determined for the capture cross sections reported here which assume an approxi-

malely spatially constant current density flowing through the trapping region must be regarded

with a certain amount of caution. These numbers for the cross sections are used here only as a

guide in comparing trapping on these sites to other known trapping centers. Trapping on

neutral bulk sites (as in the case with CE4) was also occuring. however this could be separated

from the larger amount of trapping in the ion implanted region.

No strong dependence on the gas (°2 or Ar) or the time of exposure (1-10 minutes) of

the trapping in this ion implanted layer - was seen. The lack of the dependence of charge

trapping on the gas used in the RIE system (02 or Ar) indicates that most of these sites are

caused by the atomic displacement damage created by the impinging ions. The lack of

dependence on time suggests that this damage must saturate in a short period of time due to

the heavy bombardment of energetic ions. The number of positive ions incident on the sample

• in 1 mitt could be as large as 2.3 x lOll cm 2 for 0.25 W/cm2 delivered to the cathode with a

dark space dc voltage drop of ~ 400 V. Samples exposed to 02 and anflealed prior to metalli-

zation at 1000°C in N2 for 1/2 hr. showed greatly reduced trapping in the implanted region.

This is characteristic of films ion implanted with impurities such as Al, As, and P where it is
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believed from experimental evidence that this annealing treatment removes the displacement

damage and the result ing electron trapping is mostly characteristic of the implanted ion 15,181.

In some cases, the chemical surface cleaning step after RIE which removes metals and

hydrocarbons was omitted oi~ samples ex posed to CF4 and 02 plasmas. This resulted in a

further increase in trapping very near the exposed surface and suggests the need for this step

in processing. If a sample exposed to °2 was given a buffered HF dip to remove about 100 A
of Si02, the trapping associated with the ion implanted region is no longer present as expected, - =

but the bulk radiation induced neutral traps are still present.

Samples placed on the anode of the R1E system in an 02 plasma for 10 m m .  showed

great ly reduced electron trapping in a layer close to the exposed surface. Here electrons and

very low energy ions (less than 20 eV) in addition to photons strike the surface. Part of the

trapping in this surface layer could be due to neutral traps created by the impinging electrons

which are strongly absorbed. 
• -

IV Conclusions

The importance of trapping sites generated by CF4 RIE or by °2 clean-up of Si02 layers

in RIE systems has been demonstrated. The small amount of trapping (trap densities of ~ 1OI I

cm ”2 ) seen in CF4 etched films can be removed with a 600°C anneal prior to metallization.

These bulk oxide traps can not be removed by chemical etching of a surface layer of the oxide. - ‘

-
- 

- Si02 films that are exposed to Oz plasmas (used to strip resist and remove hydrocarbons from

the Si02 surface by CO2 evolution) showed a high density of traps near the exposed surface

due to damage from implanted ions from the plasma. This trapping layer could be effectively

removed by chemical etching about 100 A of the Si02 layer with buffered HF. However, it is

preferable to clean wafers and strip resist in a plasma asher. There are commercially available

barrel type reactors in which ion energies are approximately 20 eV as compared to ion energies

as large as 400 eV in the RIE system used in this study. Some trapping still occurs in this
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surface layer even after high temperature annealing at 1000°C. The chemical surface ~‘lcaning - 
-

of plasma exposed films was shown to be important in removing a possible layer of hydrocar-

bons and metals which are believed to contribute to additional trapping when this cleaning is

absent.

The results reported here are for worst case damage of SiO, during RIF. In a usual r.
5- 

processing sequence for delineating the gate , the oxide is shielded by the gate electrode

mater ial except at the edges of the gate oxide. It would be necessary in the future to evaluate

edge effects and the degree of shielding by the gate electrode with a particular device and

processing sequence in mind. If proper high temperature annealing can not be carried ~ut
=1

after RIE processing of more realistic structures containing Si02 layers (for example, MOS-

FETs) where metal layers are already present prior to RIE, then other means of removing the

traps must be found. One such possible means might be rf annea ling recentl y described by

T.-P. Ma and W . H.-L. Ma 1261,
p.-
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Figure Captions

Fig. 1: Energy band diagram for thermal SiO, layer on an underlying Si substrate

exposed to low energy positive ions and photons which are present in an kit

system.

Fig. 2: Schematic diagram of RIF system used in this series of experiments. =
Fig. 3: High frequency (I MHz) capacitance as a function of gate voltage before

(solid line) and after (broken line) partial electronic charging of som e of the

radiation induced neutral traps in the bulk of the SiO, layer. The oxide layer

— 
of this sample was etched from 15(X) A to 860 A in a (‘F4 plasma. Approxi-

mately 2.5x 10 14 electrons/cm2 were injected into the Si02 layer by internal

photoemission from the Al electrode. This sample only had a 400°C, 20 mm ..

forming gas anneal after metallization. The flat-hand voltage shift due to

charging is ~V 1:~= 0.3±0. 1 V. - ;

Fig. 4: Current measured in the external circuit for 5 cV light as a function of positive

gate voltage (Si-injecting) for the same sample before and after charging as in

Fig. 3. The solid circles represent the as-fabricated structure and the open

circles represent the same sample after partial charging. The lines connecting

the data points are v isual aids only. The average positive photo I-V shift

between these curves is AV~+ = 0.4±0. 1 V.

Fig. 5: Current measured in the external circuit For 4 .5 eV light as a funciton of

negative gate voltage (Al-injecting) for the same sample before and after

charg ing as in Fig. 3. The average negative photo I-V shift between these

curves is ~~~~~ —0.6±0. 2 V. The centroid determined from the photo I-V =

voltage shifts is 345 ± 120 A.

Fig. 6: h igh frequency (I MI-lz) capacitance as a function of gate voltage before and

after charging of the radiation induced neutral traps in the bulk of the Sit)1 of

a sample similar to that used in Fig. 3. l’he oxide layer of this sample was

1)1
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etched from 1 500 A to 945 A in a CF4 plasma. Approximately 4x lO~

electrons /cm2 were avalanche injected into the Si02 layer from the Si sub-

strate. The flat-band voltage shift due to charging is ~V 1:0 = 1.0 ± 0. I V. 
•

Fig. 7: Current measured in the external circuit for S eV light as a function of positive

gate voltage (Si-injecting) for the same sample before and after charging as in

Fig. 6. The average positive photo I-V shift between these curves is L~V p.,~ =

1.0 ± 0.1 V.

Fig. 8: Current measured in the external circuit for 4.5 eV light as a function of

negative gate voltage (Al-injecting) for the same sample before and after

charging as in Fig. 6. -rhe average negative photo I-V shift between these

curves is ~V 5 = —1 .7±0 . 1 V. The centroid determined from the photo I-V

voltage shifts is 350 ± 35 A.

Fig. 9: High frequency (I MHz) capacitance as a function of gate voltage before and

after partial electronic charging of some of the radiation induced neutral traps

in the bulk of the Si02 layer and traps near -the exposed oxide surface caused

by damage due to the ion implantation of oxygen. The oxide layer of this

— sample was exposed to an 02 plasma for 10 mm after which the Si02 was

1455 A thick. This sample was charged under approximately the same condi-

tions as in Fig. 3. This sample had only a 400°C, 20 mm ., forming gas anneal

- 
after metallization. The flat-hand voltage shift due to charging is ~V FB=

0.4±0. 1 V.

Fig. 10: Current measured in the external circuit for 5 eV light as a function of positive

gate voltage (Si-injecting) for the same sample before and after charging as in

Fig. 9. The average positive photo I-V shift between these curves is AV 5~ =

0.6±0. 1 V.

Fig. 11: Current measured in the external circuit for 4.5 eV light as a function of - =

negative gate voltage (Al-injecting) for the same sample before and after

162
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charging as in Fig. 9. The maximum negative photo I-V shift between these

curves is AV~ � — X V. The maximum centroid determined from the photo

I-V voltage shifts is 100±15 A.

Fig. 12: The number of negative charges per unit area as a function of the number of

injected electrons for a control and a sample similar to that used in Fig. 3. An

ava lanche current of 2 x 10—10 A was used to charge the traps. The control

RIE2F had the same processing as RIE2B except for the CF4 exposure. The

negative charge trapping in RIE2B is due to the radiation induced neutral

centers, while that in RIE2F is due to the neutral centers normally present in

the oxide layer.

Fig. 13: High frequency (I MHz) capacitance as a function of gate voltage before

(solid line) and after (broken and dot-dash lines) electronic charging of radia-

tion induced neutral traps. The 525 A thick oxide layer of this sample was

exposed to a 20 keV electron beam with a Iluence of ~ 1022 electrons/cm2.

The MOS structure was annealed at 400°C for 20 m m .  in forming gas after

exposure. The 1st and 2~d charging correspond to the MOS samp le after

ava lanche injection of 1.25 x 10 16 and l.5x 1017 e lectrons/cm 2 from t he Si

substrate. The flat-band voltage shifts with respect to the uncharged virgin

sample for the f irst partial trap charging and the additional second trap charg-

ing are ~tV Fu= 0.5±0.1 V and 2.0±0.1 V , respectively.

Fig. 14: Current measured in the external circuit for 5 eV light as a function of positive

gate voltage (Si-injecting) for the same sample before and after charging as in

Fig. 13. The average positive photo I-V shifts with respect to the uncharged

virgin sample for the first charging (open circles) and the second charging

(open tr iangles) arc ~V~~ = 0.5±0. 1 V and 2. 1 ±0.1 V , respect ively.

Fig. 15: Current measured in the external circuit for 4.5 eV light as a function of

negat ive gate voltage (Al-injecting) for the same sample before and alter
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charging as in Fig. 13. The average negative photo I-V shifts with respect to

the uncharged virgin sample for the first charging and second charging are

~~~~~~ —0.4±0. 1 V and —2.0±0. 1 V , respectively. The ccntroids determined

from the photo I-V voltage shifts are 290±60 A for the first charging and
270± IS A for the second charging.
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