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I. Introduction

In the first two reports we have shown, that 
the oxidation

parameters dctermine the atomic roughness at the Si/SiO2

interface. We have developed a new method enabling us for

measuriij the atomic rouqhness on an atomic scale at the

interface. Now it is for the first time possible to produce

devices with a well defined roughness at the interface for a

direct comparison of structural and electronic properties of

devices.

The carrier mobility in MOS inversion-layers has been measured

at low temperatures in the last twenty years by several groups

(Chcng and Sullivan (1), Yagi (2), Kawaji (3), Kawaguchi (4),

N.St.J. Murphy, F.Berz and I. Flinn (5,6) and P. Balk (7). The

results have been explained with different scattering processes.

The main results are:

For lo'w carrier concentrations the coulomb scattering is the

dominant process. The coulomb centres are screcnd (1,2) by the

charge carriers and the mobility increases with increasing

carrier concentration. For medium carrier concentration

( i112 cm 2 ) neutral impurities are important for the

scattering process (8). For high carrier concentrations the

decrease of mobility is explained with the scattering at the

atomic roughness of the interface since the channel becomes

smaller with increasing gate voltage. Theoretical calculations

of J.R. Schriefcr (9), F. Stern and W.E. Howard (10) and Cheng

(11) support qualitatively and quantitatively the influence of

the atomic roughness on carrier mobility.

Up to now the existence of steps at the interface could be

shown with TEM-measurements (12, 13) without quantitative deter-

mination, however. The aim of this work is now to show directly

and quantitatively the correlation of the atomic roughness on

an atomic scale with the mobility in MOS-invcrsion layers.
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For that iupose s;p,-cial MOS-transistor chips wUer'e designed.

After gate-oxidatio-. cvery high temperature step had to be

I voided to I -v,'e a wid, range of interface roughness. One third

of the chip was prepared in such a way, that ti i. region

showed only the ,tc-oxide. Probes were cut from this regions

for measurimij tha roujhness with the novel SPA-,.:E:D method

as described in the previous report. Now we report the

performingj of MO';-dcviccs with a well defined r-oughness and

showed tlha t they we-e working sufficiently.

... . . . . -- . . .. . . .. .. .. . . II. . .. I I ' l - .. .... . . I . . . . 'l . . . .. . . . .. .. - I I I I .. . . . ."I I I, m a
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1. 1:roduction of thio '(S-struc Lures

'To :hCw tlic i nflucnce of the atomic roughness on the channel-

moL ty ; :;-tranpsi ;tors w'ith known roughness hiad to be
built. In the prcvioa:: report; the oxidation paral.ter are

g:ivcn to ol,Lain a smll or large roughness at the interface.

Each handling in a higch temperature atmosphere changes the
rouc'hness. Therefore cvery high temperature step after the

gaLe-oxidation had to be avoided. For measuring Hfall mobility

besides source and drain two additional Hall-contacts are

required, p-channel transistors were produced on n-substrates

to avoid problems with a zero voltage inversion layer. More-

over Shipley-lac has boc used beeing a positive lac techno-

logy. The UiV exposed places were etched away. For simplicity

the concept w.as realized with only three masks:

Mask 1 (see fig. 1): This mask is used for etching those

regions in the oxide, which should become p-type silicon by

ion-implantation.

Mask 2 (see fig. 2): After the gate-oxidaLion this mask is

used to open windows for the aluminum contacts to p-type sili-

Conl.

Mask 3 (see fig. 3): After aluminum deposition this mask is

usted to etch away the metal between the contacts.

About four hundred transistors were built per chip (see fig.4).

One third of the chips was covered always during processing,

that it only shows the gate-oxide identical to that of the

transistors. From this reference material samples for the TEED-

measurements were prepared and the atomic roughness of the

transistors R 1 - R 4 accordingly to those reference samples

were measuied later with the earlier described LEED-experiments.

In this way, we received transistors with an exactly measured

roughness.

6A



In the folio,'inq, the technology to built a MS-trian;istor is

described anii2 sumarized in the figure (5):

a) Prcparation of the chips

It was started with n-type (5 - 10 Z cm), etch-polished,

"3" in c]iamtcr and (111) oriented silicon chip)_. Those

chips were reduced by etching to a diamcteo: of 25 mm needed

for the technology. Before each -step in processing the

chips cleaned according to the following standard cleanig

process:

1. Dipping in concentrated nitric acid for ten minutes in

a quartz cup

2. Rinsing in bidistilled 1120 (2x)

3. Boiling in nitric acid (60 %) (p.a.) for 30 minutes

in a quartz cup

4. Boiling in bidistilled 1120 (30 minutes)

5. Rinsing in histilled 12 0 (3x)

Now the chips were dried.

b) Ion-implantation

To receive p-type regions of high doping level ion-implan-

tation technology was used. As a mask for implantation we

used a thermally grown thick silicon-oxide layer of about

7000 R (see fig. 5, step a). After implantation the whole

oxide has to be removed by etching to grow then the gate-

oxide, but an exact adjustment of the second mask then is

impossible.

Therefore an oxidation only for adjustment is nece.ssary.

The chips were oxidized in such a way, that after etching

of the windows (source, drain, Hall-contacts) an oxide of

900 R is formed. This oxide consumed about 450 R silicon.
While the growth of the thick oxide (7000 R) is negligible,

we receive after etching of the oxide regions (source,

drain), which were down to a level of about 450 R. This

siep couild be scn unter the microscope and an adjunstment
WaIS n~o . i ..

........ _____________



- (J

In a firsLt tt-.cmut the chips were doped by t lermal dif-

fus :ion. V't iicasure:!!w,.nts at T -- 4.2 1' shov.,d, t]L-a the

d pin~g (:O~~:,'t rai :' w':as too sivaI1 , so th-it al I carriers

we.e frozc,,, out at all terpierat-ures blow '1 = 50 Y.

In c'rlSe'<[Mn- the \ er lh.iqIh r esistivity of tih: centacts

prevent(J .Lscces:-; ful. mieasurcmcr. ts of yiiicbiI i t'.

No'." the to< ,log, of the ion-iimplanta.t [on was v sd, where

the conc,_niaticn of ions is exactly choosable. i:3 a do-

pant bozon was choosen. The results of F.J. Morin ,and

J.P. Maita (14) shc'..'ed, that silicon is deg(enerate at a

boron conctntr-ation of about 1,5 10 19 cm- 3 Tlicrefore

this concentration is suffizient.Furt-her it ihad to be con-

sidered, that the boron ions had to penetrate the oxide.

After the i>, plantation the whole oxide will he removed by

etching and the following gate oxidation of about 1200

oxide will need 600 O silicon. "hese parameters determine

the depth of tne ma:ximum of the boron concentration to

about 1 500 0, requiring an energy of the ions of alout

60 keV (15,16). The implantation was performed in th2

"Fraunhofor Institut fUr Angewandte Fe-,tkhrperphysik", Frei-

burg by Dr. Axmann. The expected profile of the bron con-

centration is shown in the figure (6). The implantation
+ 15 -2

parameters v.ere: B -ions; D 10 cm ; :- 60 keyV; 30 mi-

nutes. The maimun is at Rp 1403 R with a A Rp = 556 R.
After the implantation all samples were annealed at 9000 C

for 30 minutes (16) to restore the ideal lattice, which

was damaged by the ions.

c) Gate-oxidation and Al-contacting

Now the oxide of all chips was completely etched away. All

the chips were subjected to the standard cleaning process.

Then the gcatc-oxide was produced with the following oxidation

parameters. The thickness of all four chips was about

1200

........ . . .,. .... . . ., ________.. . i i. .. ..... i
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chip pararc-ter of riate-oxid-it on

R 1 2 3/4 hours, in dry 0, at 10'O ° ('

R 2 2 3/4 hours, in dry 0,, &L 10000 C

and 4 hours annZITMn Cd i 1 1 ( n)

R 3 9 rinuucs, we. at l10,0, C

R 4 9 minutes, wot at 10'(,I) C

and 4 hours annealed in N 2 (100Ck <')

After the gate-oxidation all chi ps were cvaporat ( wi th ci canc I

pure aluminium(9, 96 ") in a diffusion pu:ilping !;y2L( . Before

aluminium depositing all chips were diJ:' etched in buffere 11?

to remove the native oxide. Then about 20') nm !9 A] was dc}'o-
-15

sited at 2 A 10 tort. Now the third v.aisk-step ,,:" ,,yp1Ied.

After etching the aluminium in 60 ml 11,1-0 -1 4 10 li::0 3 (6.
3 1 3

+ 16 ml H 2 0 and annealing the chips at 5., C Jn T; )(1 - -

sphere for ten minutes complete vvS-fet:; as .h].I.c i fiq. (3)

and (7) were obtained.

d) Testing, scratchinn, breaking, allevinI and b! ( dlG of the

transistors

The function of the described l ran : Io:s were ro . proved

with adjustable tips unter a micros(ope. Of aloul 400 tran-

sistors per chip worked a]l right at 1) 1 67,. V', R 3 110?. and

R 4 72 %. The gates of the defect trans istor!; were marked

with a tip for separation.

Now the chips were scratchcd with a diamoi-.d aid b roken over

an edge, so that each piece of silicon contain.; four we)i

working MOS-fets. Now those silicon piccs ,,'.e alloyed

under N2 -atmospher-c at 3700 C on a trss istor lie ]ier.

Finally 4 - 5 transistors were bonded unsing qoIld contacts.
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2. Experimental olujpmL _nt for det,rvni sinq the chjrac-cristic

curves and charge cairier mobi .lifty at It).; em,,'rat .res

All rieasurements-. at ow tcmP)cratiit .U . _ rfor:;. Z n I I c1G-
stat (Firma Leboid), ]ermi tt inq .au:;rn:.t s ,n t. te:su-at r

range of 1.5 K - 300 K. Tie cryostat- :,.as u:_o(, as a .l t!> cryo-

stat. An exact description of the ,:uilmc.

given in ref. 17 and 18. The temperature cculd be mLsur<, both

with a vapour preCssure thermometer and with a caiihr& wd ger-

manium resistor.

The transistors were mrounted on the sa:nple hc der at the

cryostat and then cooled to the wa:itcd te,, crature.

The magnetic field was produced with a water cooled (.]ectro-

magnet (Firma !3rucker, Typ E 10 D 3). The maximal 1 c: density

reached with the magnet was about 0.6 T. 8,cce:se tie polarity

could be reversed the 11all-voltage w:; ,n.c'ur., ] aw's in t".e

two directions at the maximur, magnetic field. In thv fig. 7

the electrical circuit is shown. 'he conductance ane- Eall-

measurements were performud at a h(oicencous hcane . 'is is

a channel in which the change of the mobility and d-ncity along

the channel could be neglected. This requi renent is fulfilled

for a source-drain voltage VDS booing small ii. relation to the

gate-source voltage V g s . It was measured at VSD = 500 mIV.

The homogeneity .as often checked by reduction of the source-

drain voltage. All electric data of the transistors werc measured

DC.



V

-12-

a) L]'jct.-c ,.~ of t(, M0S-trainsistors

T 1 f C). tcc ,r'!,ips had been handled all in the same

war (,a 1 C, iur- qWco:~ . To shiow.. the working

of th, i's th. carac rrist ic curveis wert masured at

vario ,raturs. In fiq . (8) a;id fig. (9) the drain-

curreit i t functCio of tl.]c ,;ource-drain volt,.aje for various

gate Vo 1  is sho.. for all. four sa.mples at room tempera-

ture. , 11 show the typical curves for MOS-lV"'s. The

curves o1 srhow In ci1arison to R 3 as A.'ll as P 2 to P 1

the hi,',-r saturation current.

In fig. (It) and fig. (11) the correspnnding Measurements

are sho.:n o;- the lowest tempe:rature at T = 4.2 K.

R 4 iin c: -rison to R 3 as well as R 2 to R 1 have again

the hics . , suturatjc-n current. Further move the ,-aturation

value c.' to., currcnt is drastically increased in reference

to roco.-L w rature. Also the break-down volta(.!, is reduced

drastic,',]] to abcaL 20 V (avalanche break-down) for R 2

and R 4. contrary to room,,,-temperature the kneak-down vol-

taoe js '.ii.iher fC c- R 3 and R 1.

Fig. (1 (1.3) s, the saturation drain cnrzct as a

function -the gaLc-volta_-e for all samples for T - 4.2 K

(fig. 12) i room-tcmperature (fig. 13). All curves show

the e. , guadratic current voltage dependance. Remark-

able C, that at T = 4.2 K the currenf- of R 3 is higher

than R In contrary to room-temperatures.

b) Rough:.e.; cf the fou': gate-oxidation.- (R 1 - R 4)

As desc :i,,'L: in the previc s reports thet atomic roughness of

the gat.-,:::I Us were determined by LFEP. or the reference

crystals 1i ,.ared fro-n the chips. Those measurements were

perforTk K eni di ffei.n, places on the crystal. The error bars
of the c;1culatcd step atom density show then their deviations.
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I , r. :;u Ls ar u !mariz cd in the f.A lowinq table I

chi:! o xi a-, , paraieter st(.p atom density/%

R 1 dry, ,t 1000 C, 2 3/4 hours 16,7 ± 4,6

R 2 dry, au 10OO C, 2 3/4 hours +

4 hours annealed at 10000 C.in N2 8,1 ± 0,9

R 3 wet, 1000 C, 9 min 21,4 ± 1,8

R 4 wet, °1000 C, 9 mil +

4 hours anneaicJ at 10000 C in N 2 9,9 ± 1,7



- 14-

ly. Di::cuu:;on

'iie r .*:;u(ts Cfig. (7) - fig. (13)) have demonsi rated, that all

transi:*t ,cs show the: usual performance down to liquid helium.

They aie 2A. of the p-channel type. Their gain (0,1 - 0,5 in A/V)

is small daIe t(, the wide quadratic gate.

At low t:.!-:crature (4.2 K) all transistors show a higher gain

and saLtu'.ation current, because the phonon scattering ir no

more prs.nt. The gate break-down voltage has a value of about
50 - 60 V, which is comparable with the measurements of Fang

and Fo'. br (19).

V. Coe' .: ion

New for the first time it will be possibl,! to correlate the
inobilit-y with the atomic roughness at the interface directely.

Those r.;u~ts will received in the next s tep performing con-
ductiv-it: and IHall-cffect measurements. First preliminary
measure2(.nts give direct hints to the expected correlation.
The results will be reported after comp].etion and evaluation

of the measurements.
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Angewand to Festkr 1 erphysik, Vreiburq, Dr. Axmann (ion implan-
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Figuru Captions

Fig. 1 Mask 1 for production of MOS-devices

Fig. 2 Mask 2

Fig. 3 Mask 3 .

Fig. 4 Arrangement of transistbrs (for electrical

measurements) and of large area gate oxide

(for roughness determination)

Fig. 5 Schematic presentation of device production

with 3 masks

Fig. 6 Profile of boron after implantation (calculated)

Fig. 7 Electrical circuit for testing the device and

measuring the mobility

Fig. 8 ID/UsD curves for transistors R l and R 2

at 300 K

Fig. 9 same as fig. 8 for R 3 and R 4

Fig. 10 same as fig. 8 at 4 K

Fig. 11 same as fig. 9 at 4 K

Fig. 12 ID at saturation vs. UD at 4 K

* Fig. 13 same as fig. 12 at 300 K
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