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Research Objectives W /

This contract is an Augmentation Award for Science and Engineering Research Training
(AASERT) grant associated with primary contract concerning the growth of epitaxial
heterostructures for infrared detectors. The specific objective of this contract is to perform
structural characterization of germanium- silicon heterostructures grown by UHV/ CVD.

This grant provided support for one graduate student and a summer undergraduate student.

Project Status and Personnel Changes

A no- cost extension for this contract was requested but not approved. Consequently no
additional progress has occurred since the previous report. The student expected to work on this
project will not be supported after May, 1996.

Status of the Research Effort

The parent grant (AFOSR F49620-92-J-0155 and its successor F49620-95-1-0161)
supports research on the development of germanium- silicon epitaxial structures for infrared
detectors. In the following, I will detail the role of research supported under this contract. Two
detector structures were under investigation: multiple quantum well structures and heterojunction
internal photoemission detectors (Fig. 1 (a) and (b), respectively). The objective of our work was
to develop a detector structure which could be incorporated in silicon- based focal plane arrays for
the far infrared (8- 12 pm) region. Such detectors must (1) offer BLIP performance with a 300 K
background; and (2) be sensitive to normally incident illlumination.
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Fig. 1. Detector structures: (a) quantum well and (b) HIP detector.

One motivation for the quantum well photodetector is the possibility of particularly strong
absorption when the first excited state is aligned near the silicon valence band. On the other hand,
intersubband transitions (for example, the heavy hole ground state, HHO, to the first heavy hole
excited state, HH1) are forbidden transitions in simple effective mass theory for normally incident
radiation. However, a more complete treatment of the valence band suggests that these transitions
will occur. In 1992, approximately at the time we started our work, experimental reports included
only MBE- grown material and appeared to be contradictory; with one group reported observable
normal incidence transitions in the 8- 12 pm region [1] while another reported normal incidence
transistions only at shorter wavelengths [2]. Our objective was to grow well- characterized

samples by UHV/ CVD; to determine the normal incidence absorption properties; and if these-
results were promising, to fabricate and characterize detectors.

TEM studies conducted under this contract played a major role in determining the general
quality of our epitaxial layers and also in particular the quality of multiple quantum well samples.
Fi%ure 2 shows a TEM cross section of such a sample (10- 60A Geg 851 7o wells doped with 4 x
1018 cm™3 boron; 298 A spacer; ). The top and bottom interfaces of the quantum wells are abrupt
and planar and no defects are visible. Measurements on many similar samples with doped wells
showed that only the free- carrier absorption process was detectable for normal incidence
illumination [3]. A similar conclusion was also drawn independently by Robbins et al. [4]. These
results are in contradiction to those of People et al. [1]. As no strong intersubband transitions were

observed under the conditions of interest, we have chosen to emphasize the other detector type, the
HIP detector.

The HIP detector (Fig. 1b) requires thicker layers (= 150 A) and here our TEM studies
showed that initially the films were not satisfactory. We observed undulation formation in layers
grown at 600 °C- our standard growth temperature- which were of the desired composition and
thickness. Undulation formation is a consequence of elastic relaxation which occurs by surface
migration of adatoms. This is illustrated vividly in Fig. 3 which shows the two Ge, 3,Sij ¢g
layers of the same composition and growth time, with a pause after growth of the top layer before
capping with silicon. Reducing the growth temperature modestly to 550 °C permits growth of
planar films. The results of this study were presented at the Electronic Materials Conference in
June, 1994 [5] and a journal article is in preparation [6]. Parts of this work were also presented at
another conference [7] and later published [8]. The growth procedure developed as part of this
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work has now been used to fabricate HIP detectors which have excellent performance, with C1
values comparable to those of PtSi detectors in the 3- 5 um regime [9,10].

Finally, I will note the work performed by summer undergraduate students. During
the summer of 1993 P.K. Banh studied the deposition of SiO, layers from the liquid phase for
possible use as a low- temperature deposited passwatlon layer on germanium- silicon
heterojunctions. This was motivated by difficulties with edge leakage currents that were observed
at that time. The resulting layers were not superior to plasma- deposited layers which were being
used.

C. Weber was employed as an undergraduate research assistant during the summer of
1994. He implemented models of the Ge,Si; , growth rates using a user- friendly software
package. The model will be useful for the prediction of growth rates at temperatures and flow
conditions which have not yet been measured. In addition, C. Weber performed some software
development for computer control of our electrical measuring instruments.
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Growth of epitaxial Ge,Si,_, for infrared detectors by

UHV/CVD

S Vyas*, D W Grevet, T J Knightt, RM Strongt and S Mahajan* * Department of Materials Science and
Engineering; t Department of Electrical and Computer Engineering, Carnegie Mellon University, Pittsburgh,
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We report the application of UHV/CVD (ultra-high vacuum chemical vapor deposition) to the growth of
heterojunction internal photoemission (HIP) infrared detector structures. The HIP structure is essentially a
Schottky barrier junction formed between a degenerately doped germanium-silicon absorbing layer and an
undoped or lightly doped silicon layer. This device places stringent demands on the background doping
concentration and morphology of the epitaxial layers. C(V) profiling shows that acceptably low doping of the
silicon layer is obtained only after a cleanup run. Surface morphology of the Ge,Si,_, absorbing layer is
degraded by the formation of thickness undulations, especially at the large boron concentrations required.
By appropriate changes to the growth procedure, we have been able to fabricate working detectors with good

electrical characteristics.

Introduction

Infrared focal plane arrays are of interest for various imaging
applications in one of the atmospheric transmission ‘windows’
(3-5 um or 8-12 um). In general. monolithic arrays are preferred
because of the difficulty of bonding large numbers of separately
fabricated detectors and also because of potential reliability prob-
lems'. Thus detector structures that can be fabricated on the same
substrate as is used for silicon readout circuitry are preferred.
For the 3-5-um window, the PtSi—p silicon Schottky barrier diode
is an excellent detector. In contrast, for the 8-12-ym band, vari-
ous detector structures have been explored, but none has yet
reached a similar level of maturity to the PtSi detector. In this
paper, we discuss the fabrication of one of the competing detector
designs for the 8~12-um band, namely, the HIP (heterojunction
internal photoemission detector). This detector structure was first
fabricated by Lin and Maserjian®, and the original concept is
illustrated in Figure 1(a). In this detector, IR absorption takes
place in a heavily doped Ge,Si, _, epitaxial layer. Holes which
gain energy by free carrier absorption may be emitted over the
heterojunction barrier to be collected by the silicon substrate.

The detector structure we discuss here is somewhat different in
that the heterojunction is formed within the epitaxial layer, rather
than at the epitaxial layer—substrate interface. The band diagram
of this detector is illustrated in Figure 1(b) and is similar to one
reported by Liu e al>. In this structure, the heterojunction is
formed within the epitaxial layer and prevents barrier-lowering
effects associated with boron present at the original growth inter-
face. Boron contamination leading to a ‘spike’ at the original
growth interface is observed in both MBE* and low-temperature
CVD?’ growth.

The lowest photon energy to which the detector is sensitive is
given by :

hVpin = AEy — (Evesy — E¢) + AEy g0

p++ - Q (100)
Gesi || S b Si

(b)

Figure 1. Two heterojunction internal photoemission (HIP) detector
structures: (a) structure reported by Lin and Maserjian?; (b) structure
discussed in this work, similar to that reported by Liu et al.>.

where, for growth on (100) wafers®, AE, =~ 0.84x is the valence
band offset between silicon and germanium-silicon, Eyges;— Er
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increases with the germanium-silicon doping N,, and AEygn is
the shift in the position of the germanium-silicon band edge due
to bandgap narrowing effects. Relatively high doping (N, ~ 102
em™) is necessary for reasonable sensitivity; thus, neglecting
bandgap narrowing, a detector with a threshold wavelength of
10 ym has x ~ 0.30. Since the actual value of AEyg,, is uncertain,
it is desirable to explore a range of germanium fractions some-
what smaller than 0.30. In the following sections, we will report
the growth and characterization of HIP structures with x and N,
chosen for possible detector operation in the 8-12 ym region.

Growth of Ge,Si, _, detector structures by UHV/CVD

A wide range of different techniques has been explored for the
growth of Ge,Si,_, heterostructures, including MBE”® and a
variety of CVD techniques®. We have chosen to use UHV/CVD,
a growth technique that utilizes hydride reactants (SiH,, GeH,,
and B,He). The pressure during growth is about 133 x 10~ Pa,
and the growth temperature is typically 500-600°C. A hot-wall
configuration is used, and many wafers are arranged in a wafer
boat in a manner similar to that used in oxidation and diffusion
furnaces. Uniform growth is possible on many wafers'® because
of the absence of gas-phase reactions (which may result in the
formation of highly reactive species) and the small sticking
coefficients of the hydride reactants. Abrupt heterojunctions are
possible because of the small residence time of reactants, and
indeed multiple quantum well structures have been successfully
grown'®.

Despite our previous success with growth of multiple quantum
well structures, two difficulties were encountered in inijtial
attempts to grow HIP devices. First, high reverse bias currents
were observed, which were traced to residual boron doping in
the silicon epitaxial layer. Boron doping in this layer has the
effect of increasing the electric field and decreasing the thickness
of the potential barrier to a point such that tunneling occurs.
Secondly, when the layers were grown at 600°C, we observed the
formation of thickness undulations of the Ge,Si;_, layer that
were particularly pronounced at the high doping levels required.
In the following, we discuss these two difficulties and the changes
made to the growth procedure to mitigate them.

Residual boren doping. Figure 2 shows the results of capacitance

35x10° T . T T r
— 30x10%F 1
-
S 2sx10f .
‘:“0 Substrate/Film
& 20 180 Interface R
§ 0x10 l
2 15x10%f :
o 10x 10%F .
k=]
Q 181
< 05x10 .
0.0 1 1 1 1 i
0 200 400 600 800 1000 1200

Depletion width [A]

Figure 2. Profile of electrically active p-type dopant as a function of depth
for two epitaxial layers. Sample A was 1080 A thick and was grown after
a structure with heavy boron doping; sample B had a similar thickness
and was grown after a cleanup run.
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profiling of silicon layers grown at 600°C with zero diborane
flow. The layers were approximately 1000 A thick and were
grown by using our usual cleaning procedure, which involves an
800°C vacuum prebake immediately before growth of the epi-
taxial layer. A Schottky diode was then fabricated by depositing
and defining an aluminum contact. The growth prior to sample
A involved the growth of heavily boron-doped material. Note
that the boron concentration decreases as the layer is grown but
is sufficiently high to degrade seriously the electrical charac-
teristics of HIP detectors. The presence of significant con-
centrations of boron cannot be explained by segregation to the
growing interface of a boron spike, since this results in much
sharper decreases at the growth temperature used!!.

The boron concentration is, however, considerably decreased if
a cleanup run (approximately 1000 A of silicon and germanium-
silicon with no diborane flow) is performed. This is illustrated in
sample B, which shows a much lower boron concentration in the
bulk of the silicon film. The boron concentration is low enough
to permit profiling back to the original growth interface, where
we observe the boron spike typically seen in MBE and low-
temperature CVD growth. The boron concentration at the orig-
inal growth interface is less than 5 x 10'2 boron atoms/cm?. It is
not possible to determine the doping concentration close to the
surface accurately ; however, from the capacitance measured at
zero bias and the known built-in voltage for an aluminum-on-
silicon Schottky diode, we can conclude that N, < 8x 10" ¢cm ™2,

These results suggest that either diborane or boron can desorb
from the walls of the system and redeposit on the growing
epitaxial layer. This is contrary to previous studies, which
showed that diborane decomposes at 450°C with the release of
hydrogen and that the resulting surface boron did not desorb
from the surface up to 1000°C*-. A quadrupole mass spectrometer
search for boron-containing species showed no evidence of B,H,,
BH;, or B. However, when wafers with a deliberately grown
chemical oxide were heated, we did observe signals at m/gq = 26
and 27, which have been identified as B°0'¢ and B"'0'%, respec-
tively". Such a wafer would have some surface boron oxide from
atmospheric contamination®. The two peaks had a ratio 1:4.15,
which is close to that expected from the boron isotopic abun-
dance. Figure 3 shows the measured intensities of these two peaks
as a function of time during heating to the prebake temperature,
which demonstrates that these species do -desorb during the
prebake.

We are thus led to suggest a possible mechanism for the
residual boron doping. During a previous growth, diborane
decomposes to form surface boron on the walls of the growth
chamber. When the wafers are unloaded and new wafers loaded
for a subsequent run, enough oxygen and water vapor are intro-
duced to oxidize surface boron. Moderate heating is then
sufficient to desorb the boron suboxide that is transported to
the silicon surface and reacts again to form surface boron. The
cleanup run reduces the residual boron doping by desorbing some
of the suboxide and also covering surface boron during growth.’

Formation of surface undulations. It has long been recognized that
the growth of metastable strained layers is limited by two different
processes: the formation of misfit dislocations and the develop-
ment of non-planar surface morphology. Depending upon
growth conditions, one or the other process may constrain device
engineering. In the case of the heavily boron-doped Ge Si,_,
layers used in HIP structures, we expected that these relaxation
processes would be less important, since boron has a smaller
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Figure 3. Measured partial pressures for m/q = 26 and 27 during prebake
of wafers with a chemical oxide. The upper scale indicates the approxi-
mate furnace temperature as a function of time,

tetrahedral radius than silicon and thus was expected to reduce
the layer strain and the driving force for relaxation.

Our experiments show, however, that this is not the case. In
Figure 4, we show cross-sectional TEM photographs from a
matrix of samples of two different germanium fractions and

EQaat

(a) (b)

(©) @

Figure 4. Cross-sectional TEM photographs of Ge,Si, _, layers grown at
600°C: (a) 380 A, x = 0.26, undoped ; (b) 500 &, x = 0.26, N, =8x10"
em™; () 300 A, x=032, undoped; and (d) 360 A x= 0.32,
Ny =8x10" cm~>. All samples consisted of a silicon buffer layer, a
Ge,Si, _, layer, and a silicon cap. The arrows indicate the Ge,Si, _y layer.
Details of the thickness, composition, and doping are in the text.

doping. All samples were grown at 600°C to approximately the
same thickness. Before growing the Ge,Si, _, layer, an approxi-
mately 500-A-thick undoped silicon buffer was grown, and the
layers were capped with a thick (approximately 1000-A) undoped
layer of silicon. The germanium fractions were determined by
Rutherford backscattering spectrometry (RBS) on thicker
samples grown with the same germane and silane flow rates.
Doping concentrations were determined by extrapolation of the
results of a previously reported study of boron incorporatjon'
and are in reasonable agreement with SIMS measurements,

Figure 4(a) shows that the top surface of a 26% undoped layer,
380 A in thickness, was planar, while a 500-A layer doped to
Nx =8x10" cm~* (Figure 4(b)) shows some evidence of surface
roughness. In Figure 4(c), an undoped 32% layer, 300 A, thick
shows well-developed sinusoidal undulations with a wavelength
of about 1100 A. Finally, the undulations become even more
pronounced in a 360-A doped layer (N = 8 x 10" cm ™) of the
same composition. In some cases (notably Figures 4(a), (c), and
(d)), the initial growth interface is visible, but in no case are
there any visible defects in the active layers. Whereas the layer
thicknesses are not exactly comparable, addition of boron causes
the undulations to increase proportionately more than the
increase in thickness.

Similar undulations have been reported in In,Ga,_,As" and
more recently in undoped Ge,St, _, by Pidduck and co-workers'®.
For x = 0.21, the amplitude of the undulations was quite small
for layers grown at 610°C (amplitude of 15 A for 2 total layer
thickness of 1180 A), and pronounced undulations as shown in
Figures 4(c) and (d) were observed only in layers of this com-
position grown at 750°C. Our results show that undulations
become quite severe for only moderate increases in germanium
fraction and are further aggravated in layers doped to the levels
required in HIP devices.

The development of undulations in epitaxial layers and the
resulting strains have been studied by Srolovitz"”. His analysis
considered a strained layer with a sinusoidally modulated surface.
The formation of undulations reduces the strain energy at the
price of an increase in surface energy. Consideration of the vari-
ation of chemical potential along the surface showed that undu-
lations with wavelengths greater than a critical value are expected
to grow exponentially. For the present case of low-temperature
CVD, adatoms are unlikely to desorb once deposited, and thus
undulations can grow only through surface diffusion of adatoms.
The maximally unstable wavelength is then predicted to be:

A = (4/3)my/ Ye?

where Y is the Young’s modulus, 7 is the surface energy, and ¢ is
the strain. Silicon and germanium crystals are most readily
deformed along the (100) directions (that is, Y,,, is smallest).
Using reported values for 3'® and for ¥,,, at 600°C" yields
7/Y 2 0.20 and 0.17 A for bare germanium and silicon surfaces,
respectively. Thus we calculate s, ~ 8000 A, which is in fair
agreement with the observed wavelength of 1100-1600 A when
it is recognized that the surface energy is influenced by step
density and hydrogen coverage during growth.

If surface migration is responsible for the growth of surface
undulations, then it should be possible to increase the amplitude
by a pause after the growth of the Ge,Si, _ layer. In a test of this
hypothesis, an undoped 300-A Ge, 3,815 layer was grown at
600°C followed by growth of a silicon layer approximately 1000
A in thickness. This was followed by growth of an identical
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Gey 3,81y 75 layer followed by a 15-min pause before growth of a
silicon cap. TEM showed that the amplitude of the undulations
was increased from 60 A to essentially the entire film thickness
during the pause, which confirmed the role of surface migration.

Finally, we consider the impact of undulations on the device
characteristics. Srolovitz'” has shown that an undulated surface
is associated with sinusoidal variation in strain along the surface.
This strain decays exponentially into the crystal with a decay
length comparable with the wavelength of the undulations. Since
the band offset is dependent upon the strain state of the inter-
face®, the result is a sinusoidal variation in AE,, leading to
degraded device characteristics. In order to prevent this, we have
reduced' the growth temperature to 550°C for the devices dis-
cussed in the next section. This has the effect of reducing the
undulation amplitude in a 250-A doped film to 20 A for x = 0.32.

Characterization of heterojunction internal photoemissioh (HIP)
structures

We now present the results of recent electrical and optical
measurements on HIP photodetector structures. After initiation
of growth of a silicon buffer layer at 600°C, the temperature was
ramped down to 550°C, resulting in the growth of a buffer layer
approximately 1400 A thick. A 40-A undoped Ge, S, 74 spacer
layer was then grown, followed by growth of a heavily doped
Gey 565144 layer about 160 A thick. This was followed by a 100-

graded layer from Ge, 1Si, 74 to pure silicon. Finally, the tem-
perature was ramped up to 600°C during growth of a 1000-A-
thick heavily doped silicon cap. As discussed above, the
Gey 56Si.74 layer and a portion of the silicon cap were grown at
550°C in order to minimize the formation of undulations, The
remainder of the structure was grown at higher temperature to
minimize the total growth time. We shall compare below two
samples with differently doped absorbing layers (1 x 10" and
5% 10" cm™3).

A mesa process with a plasma SiO, passivation layer was used
to fabricate detector structures with an area of 6.6 x 10~ cm2
Ohmic contacts were formed with sputtered aluminium-copper
and covered about 10% of the total device area. Electrical
measurements were performed on packaged devices in a cryostat
by using an HP 4145 A Semiconductor Parameter Analyzer.
Broadband optical sensitivity was determined by illuminating
from the front and using a Nernst glower source and InSb and
InAs long-pass filters (hvoq = 0.17 and 0.36 eV, respectively).

Figure S presents I(V) measurements as a function of tem-
perature for a device with N, = 5x 10! cm~>. The forward-bias
ideality factor at 85 K is about 1.05, and, as expected, the current
at fixed bias increases with temperature. We have verified that
the current in reverse bias is proportional to device area, and, as
a result, the reverse current at fixed applied voltage V, (with
Va < 0 for reverse bias) is given by:

I(Vy) ~ A*T? e~ 99s(VAVKT

where 4* is the effective Richardson constant and ¢s(V4) is the
Schottky barrier height including barrier lowering. Thus ¢5(V,)
can be determined by plotting I(V,) as a function of 1 /T, yielding
a barrier height of 0.17 eV and 0.19 eV for the high and low
doping concentrations, respectively, for ¥V, = —0.3 V.

Both samples exhibit infrared sensitivity to broadband IR radi-
ation. As expected from the measured value of ¢, DO response
was observed for the InSb filter. A signal that increased mon-
otonically with reverse bias was easily observed with the InAs
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Figure 5. Measured I(V) characteristics for a heterojunction internal
photoemission detector (N, = 5x 10" cm™3).

filter, however. Again as expected, the signal was greater for the
heavily doped sample, for which we estimate a quantum efficiency
~0.5% at ¥, = —1 V. This is not as high as reported for HIP
detectors grown by MBE?', but this is probably due to the doping
concentration, which is about an order of magnitude lower than
that reported by Lin er al.®'. For this study, we have kept the
boron concentration in the Gey 1Siy 74 active region below 102
cm™? to limit undulation formation during growth. Work is in
progress to assess the effects of increased boron doping on device
performance.

Conclusions

HIP infrared detector structures impose particular demands on
the growth process with respect to residual boron doping of
silicon layers and morphology of heavily doped Ge,Si, _, layers.
We have shown that minor modifications of our usual procedure
allow us to obtain acceptably low residual doping. Thickness
undulations in the Ge,Si, _, absorbing layer are a serious problem
for the high boron concentrations required but can be controlled
by reducing the growth temperature to 550°C.

We have demonstrated the growth of operating detector struc-
tures with barrier heights close to the desired values. Future work
will be directed at increasing the quantum efficiency by increasing
the doping concentration, together with tailoring of the barrier
height to the desired value.
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