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| I. Introduction

In the first two reports we have shown, that the oxidation
paramcters dctermine the atomic roughness at the Si/SiO2

interface. We have developed a new mcethod enabling us for

measurilii; the atowmic roughness 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 elecctronic propertics of

devices.

The carrier mobility in MOS inversion-layers has been mcasured

at low tcmperatures in the last twenty years by several groups

(Cheng 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 low carrier concentrations the coulomb scattering is the

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

charge carriers and the mobility increcases with increasing

carrier concentration. For medium carrier concentration

( ~ 1012

cm—z) nceutral 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 increcasing gate voltage. Theoretical calculations
of J.R. Schriefer (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-inversion layers,




Fovr that purposce gpeocial MOS-transistor chips werce designed.,
After gate-oxidaticen cvery high temperature step had to be
cvoided to tave a wide range of interface roughness., One third
of the chip was prepared in such a way, that thic region
showed only the c¢ote-oxide. Probes were cut from this regions
for measuring thoe roughness with the novel SPA-LEED method

as described in the previous report. Now we report the
performing of MOS-devices with a well defined roughness and

showed that they were working sufficiently.




Lt. kxperim ntal
1. Production of the H0OS-structures

7o show the 1nfluence of the atomic roughness on the channel-
mobility MOGS-transistors with known roughness had to be
built. In tho previous reports the oxidaticn paramcicr are
given to obtain a omail or large roughness at the interface.
Each handling in a high tempcrature.atmosphore changes the
rouchness. Thercfore cvery high temperature step after the
gatc-oxidation had to be avoided. For measuring Hall mobility
besides source and drain two additional Hall-contacts are
required, p-channcl transistors were produced on n-substrates
to avoid problems with a zero voltage inversion layer. More-
over Shipley-lac has beern used beeing a positive lac techno-
logy. The UV exposced places were etched away. For simplicity

the concept was realized with only three masks:

Mask 1  (sce fig. 1): This mask is used for etching those
regions in the oxide, which should become p-type silicon by
ion-implantation.

Mask 2 (scc [ig., 2): After the gate-oxidation this mask is
uscd to open windows for the aluminum contacts to p-type sili-
con.

Mask 3 (scc fig. 3): Aftcer aluminum deposition this mask is

used to etch away the metal between the contacts.

About four hundred transistors were built per chip (sce 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 LEED-
measurements were prepared and the atomic roughness of the
transistors R 1 - R 4 accordingly to thosc refercnce samples
were measuled later with the earlier described LEED~oxperiments.
In this way, we reccived transistors with an exactly mcasured

roughness.

.




a)

b)

In the foliowing, the technology to built a MOS-truanusistor is

described and summarized in the figure (5):

Prcparation of the chips

It was started with n-type (5 - 10 @ cm), etch~polished,
"3" in diameter and (111) oriented silicon chipo. Those
chips were reduced by etching to a diamcter of 25 mm needed
for the technology. Before cach '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 HZO (2x)

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

4, Boiling in bidistilled HZO (30 minutes)

5. Rinsinyg in bistilled H20 (3x)

Now the chips were dried.

Ion-implantation

To reccive p-type regions of high doping level ion-implan-
tation tcchnology was used. As a mask for implantation we
used a thermally grown thick silicon-oxide layer of about
7000 & (sce 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 sccond mask then is
impossible. ' '

Therefore an oxidation only for adjustment is nccessary.
The chips were oxidized in such a way, that after cetching
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 rececive after etching of the oxide regions (source,
drain), which were down to a level of about 450 R. This
step cold be se n unter the microscope and an adjunstment

was nosw |, -5l L.
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c)

In a first attorpt the chips were dopoed by thermal dif-
fusion. Bail wmeasurenments at ' = 4.2 ¥ showed, that the
Goping concentratior was too awall, so that all carricers
vere frozoo out at all tempoeratures below 1 = 50 K.

In conscquoenco the very high recistivity of the contacts
proventod suwecessfui measurciients of mobility.

Now the technology of the iorn-implantation was uvsed, wherce
the concuntraticn of ions is exactly chceosable. 7.5 a do-
pant boron was choosen. The results of P.J. Morin and

J.P. Maita (14) shcwed, that silicon is degcnerate at a
boren concontration of about 1,5 . ‘IO19 cm_3. Therefore
this concentration is suffizient.Further it had to be con-
sidered, that the boron ions had to penctrate the oxide.
After the implantation the whole oxide will be removed by
etching and the following gate oxidation of about 1200 R
oxide will nced 600 S silicon. "hese paramcters determine
the depth of tine maximum of the boron concentration to
about 1500 R, requiring an encragy of the ions of about

"

60 keV (15,16). The implantation was performed in theo
Fraunhofer I

nstitut fir Angcecwandtce Festkdrperphysik", Frei-
burg by Dr. Axmann. The cxpected profile of the boron con-
centration is shown in the figure (6). The implantation
paranietcrs wore: B+—ions; D = 1015 cm‘2; I = 60 keVv; 30 mi-
- 1403 R with a &4 Rp = 556 K.
After the implantation all samples werce annealcd at 900° ¢

nutes. The mavimum is at Rp

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

was damaged by the ions.

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 gatc-oxide was produced with the following oxidation
paramctcers. The thiclkness of all four chips was about

1200 K.

.
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chip paramrter of nate-oxidation

- ~A~O
R 2 3/4 hours, in dry O, at 10007 ¢
R 2 3/4 hcurs, in dry O, «t 1000° ©

and 4 hours anncaled ir (1000 )

R 9 minutcs, web at 10007 ¢
R 9 minutes, wet at 1000 ¢

: e '.(‘ o
and 4 hours anncaled in v (1000 )

After the gate-oxidation all chips were cvaporated with cleancid

pure aluminium(9, 26 ¢) in a diffusion puaping sy:atom. Before

aluminium depositing all chips were dip ctched in buffered HE

to remove the native oxide. Then about 200 nm 8 Al was dojao-

sited at 2 « 10—15 torr. Now the third mash-ctep wvan applicd.

After ctching the aluminium in 80 ml H3PQ + 4 ml e, (o)

+ 16 ml H20 and annecaling the chips at 540

4 3
o C jz)T€)~a1rxJ—

sphiere for ten minutes conplete MOS-{ets as showr in fig. (3)

and (7) were obtained.

d} Testing, scratchingo, breaking, alleving and bondig of the

transistors

The function of the describied trangiciors were now proved

with adjustable tips unter a microscope. 0f about 400 tran-
sistors per chip worked all right at 1T 67, RZ270, R 2 90T and
R 4 72 %. The gates of the defect transictors were marked
with a tip for scparation,

Now the chips werc scratched with a diamond and broken over

an edge, so that cach picce of silicon contains four well
working MOS~fets. Now those silicon picces were alloyed

under Nz—atmOSpherc at 370° C on a transistor holder.

Finally 4 - 5 transistors were bonded unsing gold contacts.,

s




2. Experimental cquipment feor determining the characteristic

curves and charge carricr mobility at low tempocratares

All mcasurerents at low tomperatuarces woeor. porforaed in o cryo-
stat (Firma Levbeld), permitting ricasurcnents in the tonperatare
range of 1.5 K - 300 K. Tance cryostut was uced ag a iLath crve-
stat. An exact description of the cvauipmont g

given in ref. 17 and 18. The temperature cculd be mocsurcd both
with a vapour pressure thermometer and with a calibrafced ger-
manium resistor.

The transistors were mcunted on the sample holder at the
cryostat and then cooled to the wanted temp oraturce.

The magnetic ficld was produced with a water cooled clectro-
magnet (Firma Brucker, “Wyp E 10 D 8). The maxirmal tlux density
reached with the magnoet was about 0.6 T. B-causce tho polarity
could be reversed the lall-voltage was meacured always in the
two directions at the naximum magnetic field. In the fig. 7

the electrical circuit is shown. Thoe conductance and Hall-
measurcnents were performed at a homogencouss channel. This is

a channel in which the change of the mobility and donsity along
the channel could be ncolected. This reouircment is fulfilled

for a source-drain voltuge V beeing small in relation to the

DS
gate-source voltage Vgc. It was measured at VSD = 500 nmV.

»
The homogeneity was often checked by reduction of the source-

drain voltage. All electric data of the transistors werce measured

DC.

e ¢y




1X1, Desult o

a)

b)

Blectric Jora of the MOs-transistors

The four tronsioter ouips had been handled all in the same
way wits ooniaon ol oire gate onidation. To show Llhe worling

of the "o -1 7's the caraclioeristic curves were measured at
various toewncratures. In fig. (8) and fig. (9) the drain-
current ¢s o funciicn of the source-drain voltage for various
gate voli..o is shown for all four samples at room tcempera-

ture. Thr.y

v
o

+11 show the typical curves for MOS-I'Ly's., The
curves of [ 4 zhow in carparison to R 3 as well as R 2 to P 1
the hi-'.7r gaturation currcent,
In fig. (1¢) and fig. (11) the correspoending measurcments
are sho.n for the lowest tempoerature at T = 4.2 K,
R 4 in comparison to R 3 as well as R 2 to R 1 have again
the higiher seturaticon current., Further move the caturation
value of vio current is drasticaily increased in rcference
to rocm-tosrorature.  Also the break-down voltage is reduced
dracticaelly te abcal 20 V {(avalanche brcak-down) for R 2
and R 4. in contrary to room-teomperature the Lrcak-down vol-
tacge is oo hicher fer R 3 and R 1.
Fig. (12) &nd (13) show the saturation drain current as a
function o/ the gatc-voltave for all samples for T -~ 4.2 K
(fig. 12) i room-temperature (fig. 13). All curves show
the exporied quadratic current veoltage dependance. Remark-
able is, that at ¥ = 4,2 K the current of R 3 is higher

than R 1 :n contrary to room~-tomperature.

Roughi.eiz of the fouv gate-oxidationz (R 1 - R 4)

As described in the previc's reports the atomic roughness of
the gate-cixides were determined by LEED on the reference
crystals yrorared from the chips. Those measurcments were
perforne & on different places on the crystal. The error bars

of the calculated step atom density show then their deviations.

S - —— e



Vhe resules are svnmarized in the following table 1.

chiyp oxidatl«:i. paramcter stcp atom density/%
R 1 dry, «t 1000° C, 2 °/4 hours - 16,7 + 4,6
o . 3

R 2 dry, at 1000~ C, 2 /4 hours +

4 hours annealed at 1000° C.in N2 8,1 + 0,9
R 3 wet, 1000° C, 9 min 21,4 + 1,8
R 4 wet, 1000° C, 9 min +

4 hours anncalcd at 1000° C in N2 9,9 + 1,7




1v. Discu

soion

oy

the results (fig. (7) - [ig. (13)) have demonstirated, that all
transist 'rs show tihce usual performance down to licquid helium.
They are all of the p-channel type. Their gain (0,1 - 0,5 m A/V)

is smail due te the wide quadratic gate.

At low tevnpcerature (4.2 K) all transicstors show a higher gain
and saturation current, becausc the phonon scattering is no
more pr.sent. The gate break-down voltage has a value of about
r

50 - 60 Vv, which is comparablc with the measurements of Fang

and Fowler (19).

V. Corcliuiion

New for the first time it will be possible to correlate the
mobility with the atomic roughness at the interface directely.
Those results will received in the next step performing con-
ductivity and lall-cffect measurements. First preliminary
measurarents give direct hints to the oxpected correlation.
The results will be reported after completion and evaluation
of the measurements.

Vi. Acknowledgemonts

The MOS5 transistors have been produced with substantial support
by Inctitut flir Halbleitertechnologice, Hannover, Prof. Graul
(photo ljthography’processing), Institut fiir Hochfrequenztech-
nik, Braunschweig, Prof. Schlachetzky (masks) and Institut fiir
Ingewandte Festkirperphysik, Freiburg, Dr. Axmann (ion implan-
tation).




Literature

10
11

12

13

J.C. Cheng and E.A. Sullivan, Surf. Sci. 34, 717 (1973)

A. Yagi and M. Nakai, Surf. Sci. 98, 174-18C (1980)

A. Yagi, in Springer Serics in Electrophyisics 7, Insu-
lating Films on Scmiconductors, edited by M. Schulz and
G. Pensl (Springer, Berlin, 1981) Vol. 7, p. 263

A, Yagi and $. Kawaji, Appl. Phys. Lett. 33 (4) 349 (1978)

A. Yagi and S. Kawaji, Solid-State Llectronics,
22, 3, 261-263, (1979)

Y. Kawaguchi, T. Suzuki and §. Kawaji, Surf. Sci., 113,
p. 218 (1982)

N. St. Murphy, Surf. Sci. 2, 86 (1964)

N. St. Murphy, F. Berz and I. Flinn, Philips, Techn.
Rundschau, No. 7/8/9, p. 247 (197071)

D. Kohl, C. Becker, G. Heiland, U. Niggebriigue and

P. Balk in Springer Series in Electrophysics 7, Insula-
ting Films on Seniconductors, ed. by M. Schulz and

G. Pensl, (Springer, Berlin, 1981) vol. 7, p. 267

D. Xohl, C. Becker, G. Heiland, U. Niggebriicge and

P. Balk, J. Physics C, 14 (1981) 553

J.R. Schrieffer, Phys. Rev. 97, 3. 641 (1955)
F. Stern and W.E. Howard, Phys. Rev, 163 (1967) 816

J.C. Cheng, Froc, of the 3rd Confercnce on Solic State
bDevices, Tokyo, 1971

J. Blanc, Appl. Phys. Lett. 28 120 (1977), J. Blanc,
C.J. Buiocchi, M.S. Abrahams and W.F. llam, Appl. Phys.
Lett. 30 120 (1979)

bD.L. Krivanek, D.C, Tsui, T.T. Sheng and A. Kamgar,
Proceedings of the lnternational Topical Confcrence on
the Physics of SiO2 and its Interface (Pergamon, New
York, 1978) p. 356; D.L. Krivanck, T.71. Sheng and

D.C. Tsui, Appl. Phys. Lett. 32, 437 (1978)

-



14

15

16

17
18

19

F.J. Morin and J.P, Maita, Phys. Rev. 96, 1 28-35 (1954)

H. Ryssel, G. Prinke, K. Haberger, K. Hoffmann, K. Miller
and R. Henkelmann, Appl. Phys. 24, 33-43 (19814

II. Ryssel and J. Ruge, Ionenimplantation, B.G. Tcubner
Stuttgart, 1978 and J. Ruge, H. Miller and II. Ryssecl in
Advances in Solid-State Physiscs, ed. by 0. Madelung
(Festkdrperprobleme XII, Vieweyg (1972) p. 23

E. Kaden, Dissertation, Universitidt Hannover, 1979

H.L. Glinter, Dissertation, Universitit Hannover, 1979

F.F. Fang and A.B. Fowler, Phys. Rev. 169, 619 (19687




-17 -

Figqurce Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Figqg,

Fig.

Fig,.

10
11
12
13

Mask 1 for production of MOS-devices
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Arrangement of transistors (for electrical
measurements) and of large arca gate oxide

(for roughness determination)

Schematic presentation of device production
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Profile of boron after implantation (calculated)

Electrical circuit for testing the device and
measuring the mobility

ID/USD curves for transistors R 1 and R 2
at 300 K

same as fig. 8 for R 3 and R 4
same as fig. 8 at 4 K
same as fig. 9 at 4 K

ID at saturation vs, UD at 4 K

same as fig. 12 at 300 K
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D, sat /mA|
A
lD,Sat = f(Ugote)_
n1-R4
31 T= roomtemperature







