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1.0 INTRODUCTION

This is the annual report for Contract No. F49620-85-C-0120, "Ohmic Contacts

to Gal_xAlxAs for High Temperature Applications," that covers the time period July 1,

1985 through June 30, 1986. The most widely used ohmic contact to n-GaAs is the

alloyed AuGeNi metallization. I Several studies have shown that these alloyed contacts

have multiphase structures with the phase size and composition being dependent on

alloying conditions. 2' 3 The alloying process involves melting and resolidification of

material on a 103 A dimensional scale; the process requires careful control to achieve

repeatability for the heterogeneous contacts.

New types of GaAs heterostructure devices are being developed to accommo-

date very high frequency applications; these new devices include the heterojunction

bipolar transistor (HBT). Current gain cutoff frequencies of 5 GHz have been reported

for Ga _xAlxAS HBTs and frequency dividers (1/4) have been operated up to 16 GHz. 4 To

increase frequency and circuit complexity, device dimensions must decrease, which

places increasing importance on ohmic contact quality and uniformity. In addition, self-

aligned processing techniqes based on ion implantation will require contacts to have

excellent thermal stability in order to withstand the annealing conditions necessary to

activate the ion-implanted dopants. There is a need to develop nonalloyed ohmic

contacts to Gai-xAlxAS that have good high temperature stability.

The mechanism by which the commonly used AuGeNi metallization forms

ohmic contacts is not well known. It is generally observed that metal contacts to n-GaAs

have a narrow range of Schottky barrier heights (*B) of about 0.7 to 0.9 eV. Therefore, it

is usually assumed that a sizeable Schottky barrier exists at the metal/GaAs interface

and that a tunneling contact is formed by heavy Ge doping of the GaAs near-interface

region.5, 6 The tunneling contact model7 has Pc - exp(C *B ND -1 / 2 ), where oc is the

specific contact resistance, ND is the net donor concentration, and C is a constant.

Thus, for a fixed #B, oc is minimized by maximizing ND. For n-type GaAs with a near

maximum possible donor concentration of - x 1019 cm- 3 and B - 0.7 eV, one can esti-

mate a lower limit of - 1.5 x 10- 6 a-cm 2 for Pc. 8 This lower limit is not acceptable for

some GaAs heterostructure device applications.

I
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Because pc for a tunneling contact depends exponentially on 4B, the develop-

ment of a stable low barrier GaAs interface could be important in the design of non-

alloyed ohmic contacts. Although the interface Fermi level (E ) for GaAs (measured

relative to the valence band maximum, Ev ) is generally confined to a fairly narrow range,

there is evidence that at some interfaces, a much larger E range can be obtained. 9 - 14

For certain, thin (- 10-40A) Ge overlayers on clean GaAs surfaces, EF can be

> 1.0 eV. 1 ' 12 If this large value of E (which corresponds to a low OB ) can be obtainedF
in a tunnel contact, it could significantly lower pc for a given ND. Thus, an initial

objective of the program was to investigate conditions needed to obtain interfaces with

large EF and to explore means of retaining this interface characteristic in thick

contacts.

2
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2.0 EXPERIMENTAL PROCEDURE

The interfaces studied in this program were prepared under ultrahigh vacuum

conditions (base pressure 10-10 Torr) in a custom sample preparation chamber attached

to an HP 5950A x-ray photoelectron spectroscopy (XPS) system. A monochromatic At

Ke (hv = 1486.6 eV) x-ray source was used and the effective photoelectron escape depth

was - 16J. During interface formation, XPS spectra of the Ga3d, As3d and Ge3d core-

level peaks were obtained. At the conclusion of an interface characterization, a thick

(> 103 A) Au metal layer was evaporated onto the sample surface and an absolute EF value

was obtained by indexing the Au 4f 7 /2 XPS peak position to 84.00 eV; 1 in a few cases, a

thick Ni layer was evaporated onto the sample instead of Au and EF was obtained by

indexing the Ni 2P3/ 2 XPS line to 852.72 eV (a value experimentally determined by

depositing thick Au on Ni samples and again indexing Au 4f 7 / 2 to 84.00 eV).

The bulk n-type GaAs(100) material used was liquid encapsulated Czochralski

grown (-5 x 1016 cm - 3 Se). Samples were prepared by etching in fresh

4H 2SO4 :1H 20 2 :1H 20 solution for - 30 s to remove polishing damage, mounted on a Mo

plate with In and immediately inserted into the XPS system. The - 10A native oxide layer

was removed by momentary heating either in vacuum or in an As 4 overpressure to the

minimum necessary temperature (- 550C), this heating step also forms an ohmic contact

between the GaAs and the Mo plate. The thermally cleaned surface is ordered (displays a

characteristic low energy electron diffraction (LEED) pattern) and shown by XPS to be

free of oxygen, carbon or other contaminants. Resistivity heated tungsten wire baskets

were used to deposit Ge, Au and Ni onto samples; small quartz ovens were used to pro-

vide sources of As 4 and Te. Layers of NiAs x were formed by depositing Ni onto a room-

temperature substrate in a I0-7_I0 - 6 Torr As 4 overpressure; XPS analysis indicated that

the resulting Ni and As layer was As-rich and, thus, a compound(s) of the form NiAsx was

present. After XPS analysis of thin overlayers, a total overlayer thickness of > 2000A

was deposited. To facilitate current-voltage (l-V) measurement of #B, circular

2.54 10- 2 cm diameter contacts were defined by using photolithography and chemical

etching.

3
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The Ga3d XPS core level peak data were utilized to determine EF for GaAs

samples with thin overlayers. A background function proportional to the integrated

photoelectron intensity was first subtracted from the XPS spectrum in the vicinity of the

Ga3d peak. The resulting peak was least-squares fit to a third order polynomial near the

peak maximum and near the half-height on both sides of the peak to determine the peak

center (position of the half width point at half height) and the peak width, r (the full

width at half height). A representative example of this analysis is shown in Fig. 1. A

schematic band diagram that illustrates the use of XPS to measure Er is shown in Fig.

2. For moderately doped GaAs, the depletion width W is - 103 , which is much larger than

the effective photoelectron escape depth so that the effect of band bending on the

measured position of the Gal3d peak in GaAs (EGas) can be ignored. In Fig. 2, the GaAs

conduction band minimum is Ec  and it should be noted that the binding energy (EB)

scale is referenced to the sample EF. The Ga3d core level to E GaAs binding energy

difference has been determined to be 18.75 ± 0.03 eV 16 , 17 so that EF is determined from

E= EGaAs - 18.75 eV. (I)F Ga3d

Further details on the use of XPS to measure EF can be found elsewhere. 9

I-V data were obtained in 0.01 V forward bias increments by using an

automatic system that includes a HP4140B pA meter/voltage source. Both room tem-

perature and low temperature measurements were performed. The low temperature cold

stage uses a nitrogen gas Joule-Thompson expansion system. Low temperature measure-

ments were necessary to analyze the low *B samples. The I-V data were analyzed by use

of the Schottky barrier thermionic emission model with

I = Is exp (qV/nkT) [ - exp(-qV/kT)A (2)

where both the ideality factor n (at T = 295K, n - 1.02 is ideal; however, there is often an

increase in n at low T) and Is (the saturation current) were determined by a least-squares

fit. The *B was extracted from Is by

is = S A* T 2 exp[-q(4i B - &-)/kT]A (3)

4
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Fig. 2 Schematic band diagram that illustrates the use of XPS to determine EF

C8401 Dlbje



9 Rockwell Intemational
Science Center

SC54985.AR

where S is the contact area, A* = 8.16 is the effective Richardson constant, and A1 is

the calculated image force correction (a# = ±0.04 eV for *B _> 0.7 eV and +0.03 eV for

#F < 0.7 eV). Good reproducibility of results between contacts on a given sample was
observed and thus average values (approximately seven contacts per sample) of OB and n

were determined; the measurement uncertainty for #B was < ±0.01 eV.

6
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3.0 RESULTS

Fi
are described that demonstrate a large range of values. It is shown that large EF values

can be preserved for some thin composite layers. I-V measurements on thick contacts

are found to correlate well with the XPS results and establish that low values of *B can

be retained in some cases. Finally, XPS measurements on the thermally clean GaAs(100)

surface suggest that surface chemical shifts may be quite different than observed on the

GaAs(I 10) surface.

3.1 Fermi Level Modification by Thin Ge Layers

A wide range of E values for thin Ge overlayers on clean GaAs surfaces has

been reported.1 i112,19,20 It has been concluded that As doping of the Ge overlayer

caused by details of the preparation conditions is important in determining EF while

deposition-induced defects are not.2 1 This phenomenon was investigated for several Ge

overlayers deposited onto thermally cleaned GaAs(100) substrates. The substrates were

either cleaned in vacuum or in an As 4 background pressure. The Ge layers were depos-

ited either in vacuum or in the presence of As 4 ; these latter layers are designated

Ge(As). The GaAs substrate temperature was constant during a Ge deposition, but

ranged between room temperature and 325*C for different samples. The deposited Ge

and Ge(As) overlayer thicknesses were estimated from the substrate Ga3d photoelectron

intensity attenuation. A LEED pattern from the Ge and Ge(As) layers was observed for

substrate deposition temperatures between 200 and 3250 C, although a high background

was present at 200*C. The room temperature deposited Ge(As) did not exhibit a LEED

pattern and XPS analysis indicated a large excess of As in the deposited layer.

The Ge and Ge(As) overlayer preparation conditions and the observed values of

Ga3d are given in Table 1; also given are the values of EF evaluated from Eq. (1). ForGa~~d GaAs F
comparison, the average values of EGa3d and E observed on the thermally cleaned

GaAs(100) surfaces before overlayer deposition are also given in the table. The Ge(As)

layers deposited between 200 and 325*C, where As incorporation presumably makes the

Ge n-type, exhibited a E range of 1.03-1.21 eV. In contrast, the El range for Ge(As)

7
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Table I

Values of E GaAs E i and Preparation ConditionsGa3d F

Background
Pressure

Deposition Overlayer During G~
Sample Temp. Thickness Depsto EaA E1

No. Overlayer (OC) (A Tor Ga3d F
(eV) (eV)

Thermally Clean -- - 19.46 0.71
(ave. value)

I Ge 200 9 Vacuum 19.45 0.70

2 Gea 200 10 Vacuum 19.87 1.12

3 Ge 325 9 Vacuum 19.20 0.45

Sample No. 3 + ---- -- 19.26 0.51
Exposure to 30 L
As 4 at 325*C

4 Ge(As) R.T. 26 10-7 As 4  19.49 0.74

5 Ge(As) 200 10 10-7 As4  19.82 1.07

6 Ge(As) 200 7 10-7 As 4  19.79 1.04

7 Ge(As)b 200 9 10-7 As4 19.78 1.03
8 Ge(As 20 11 10-7 A4 1.8 10

8 Ge(As)a 200 41 10-7 As4  19.78 1.03

90 Ge(As) ~ 200 4 10-7 As4  19.78 1.03

10 Ge(As) 250 9 10-7 As4  19.96 1.215

12 Ge(As) 250 9 10-7 As4  19.90 1.15

12 Ge(As) 250 8 10-7 As4  19.89 1.03

14 Ge(As) 325 11 10-7 As4  19.85 1.10

a. Substrate cleaned in 10-6 Torr As4

b. Substrate cleaned in 10-7 Torr As4

8
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deposited at room temperature and for Ge deposited between 200 and 325"C was

0.45-0.75 eV. It is interesting to note that Ge deposited at 2000C in vacuum (Sample No.

2) onto a GaAs substrate thermally cleaned in the presence of 10- 6 Torr As 4 exhibited

E = 1.12, presumably due to increased As incorporation into the subsequently grown Ge

layer and/or decreased Ga incorporation. Also, exposure of Sample No. 3 to 30L of As4

following Ge deposition had only a small effect on the observed E value.
F

3.2 Observed Fermi Levels for Thin Composite Layers

In Section 3.1, it was noted that very large values (1.03-1.21 eV) of E . could be

obtained for Ge(As) layers formed on thermally cleaned n-GaAs(100) between 200 and

3250C. If these E values could be retained in thick contacts, the correspondingF
interfaces could have n-type ohmic contact applications.

The effect of depositing thin layers of NiAs x , Te, Au and Ni onto Ge(As)/GaAs

samples was investigated. The NiAsx, Au and Ni layers were chosen as they are consti-

tuents of the AuGeNi ohmic contact metallization; Te was investigated because a pre-
vious study13 of large E i n-GaAs(100) interfaces formed by reta)-chalcogen overlayersoF

had demonstrated that a Te layer could preserve a low band bending interface

characteristic.

The Ga3d XPS spectra that provide results for the composite layer experi-

ments are shown in Fig. 3. The first three spectra are from the same sample (Sample No.

11 of Table 1) after sequential layer depositions. For reference, the top spectrum is

from the thermally cleaned surface and the vertical line marks the center of the clean

surface Ga3d peak at 19.47 eV (E1 = 0.72 eV). After depositing 9A of Ge(As) at 2500C,
EGaAsF
Ga3d shifts by 0.43 eV to higher EB, which corresponds to an increase in E to 1.15 eV.

Subsequent deposition of 91 of NiAs x onto this sample produced essentially no change in

Ga3d' and thus, no change in E . A similar result was obtained when Te was deposited

onto a Ge(As)/GaAs sample (see fourth spectrum from top in Fig. 3). As with the NiAs x

layer, the low band bending GaAs interface is preserved. The situation is dramatically

different when either Au or Ni is deposited onto a low band bending Ge(As)/GaAs sample

(see two bottom spectra of Fig. 3). In each case, E1  decreased by - 0.4 eV, whichF
indicates that the low band bending condition was removed (the low EB shoulder on the

9
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' Rockwell International
Sciece Coner

SC5485.AR

last peak in Fig. 3 suggests that Ni has reached the GaAs interface to produce a chemical

reaction). Thus, it is concluded that at least some thin composite layers are capable of

preserving the desirable low band bending characteristic.

Ga 3d

clean

1 19 Te-lO,9 GeiAs) ."; "
:- ..

I o 10.1 0As)/

2 /

7A Au-SA ~

I $A NI- IOA GalA.)
p I I I I I I

22 20 18
BINDING ENERGY (eV)

Fig. 3 XPS Ga3d core level spectra for various thin overlayer structures on thermally
cleaned n-GaAs(100) surfaces. Upper three spectra are for successive
depositions on the same sample.

3.3 Barrier Height Modification for Thick Contacts

If large values of EF can be preserved at some n-GaAs(100) interfaces, it

should be possible to observe low values of #B by [-V. The relation = - EF, where

the GaAs band gap Eg = 1.43 eV, indicates that OB in the 0.2-0.4 eV range should be

obtained. Several thick contact structures were formed to investigate this question.

Representative I-V data are shown in Fig. 4. The samples labeled as Au-ideal, Ni-ideal,

and NiASx-ideal were prepared by depositing Au, Ni or NiAsx directly onto thermally

10
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cleaned GaAs. As noted in Table 2, these samples all exhibit large values of *B in the

0.8-0.9 eV range that is common for GaAs.
10-

10- 4

15010-s

10-7

Au.IO OsM s

10-9 -

10"-° t- loA 001")

10-10

0 0.2 0.4 0.6

V voft)

Fig. 4 Representative I-V data for a selection of contacts to GaAs. Contact

composition is noted in the figure and area was 5.07 x 10" cm2 .

Data for four other samples are shown in Fig. 4. For these samples, an ini-

tially large E was obtained by depositing a thin Ge(As) layer onto the thermally cleaned
GaAs(100) surface. Following the Ge(As) deposition, XPS was used to measure EF, as

noted in Table 2. When either Au or Ni was deposited directly onto the Ge(As)/GaAs(100)

samples, the low band bending (large E ) condition was destroyed and values of *B in the

0.6 to 0.8 eV range were observed (see Table 2). However, if an intervening layer of

NiAs x or Te was deposited before the Au deposition, very low values of 4B in the

0.2-0.4 eV range could be obtained. As shown in Fig. 4 and indicated in Table 2, it was

necessary to lower the sample temperature to measure these low values of 4B. Thus, in

_Ireement with the XPS results of Section 3.2, it is possible to preserve the high

EF condition associated with Ge(As)/GaAs samples by introducing intervening NiAs x or

Te layers to prevent Au or Ni from reaching the GaAs interface. These intervening

1
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layers apparently act as diffusion barriers while also providing a conducting electrical
contact.

Table 2
interface Structure, EiFollowng Ge Deposition, Burnier Heogt and

Ideality Factor for Several, Thick Contct

ItraeGe Deposition E1a OBbc

Structure Temperature (eV) (eV) n
(0C)

Au - NiAsx - 9A Ge(As) 200 1.03 0 .3 1 d 1.27
Au - NiAsx - I IA Ge(As) 200 1.03 0 .3 5 d 1.23
Au -NiAsx - 9AGe(As) 250 1.15 0 .3 9 d 1.11
Au - IOOA Te- 10OAGe(As) 200 1.12 0.23e 1.33
Au - 10OA Te - 9A Ge(As) 250 1.21 0 .3 9 d 1.08
Au -IOOA Te - AGe(As) 325 1.10 0 .3 6d 1.10
Au - IbA Ge(As) 200 1.07 0.76 1.05
Au - 81 Ge(As) 250 1.03 0.61 1.05
Au - 91 Ge(As) 325 1.21 0.64 1.05
Ni -IOA Ge(As) 200 1.04 0.81 1.11
Au - IOOA Te - 9AGe 200 0.70 0.65 1.06
Au -9A Ge 325 0.45 0.71 1.12
NiAsx-ideal -- - 0.80 1.04
Ni-ideal - 0.84 1.05

Au-ideal --- 0.89 1.05

a. Measured by XPS following Ge or Ge(As) deposition
b. Includes image force correction
c. Measured at 295K, unless noted

d. T = 150K

e. T = LOOK

12
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3. Clean (100) Surfaces

XPS was used to characterize the thermally cleaned GaAs(100) surfaces prior

to overlayer deposition. The observed Ga3d and As3d linewidths and core level splittings

are given in Table 3. On the clean GaAs( 10) surface, the observed core level splitting

is (E" - EGaAs) - 21.92 eV.16 When this observed splitting is corrected for the

known surface chenhPil shifts of Ga3d and As3d on the GaAs 110) surface, the derived

bulk GaAs core level splitting is (EGaAs _ Gas, 21.99 eV. 16 In contrast to the

Ga.s(110) surface, the average core level splitti "' r the GaAs(100) surface is larger

than the bulk value, (E G - Ea) 22.05 eV. Although surface chemical shift

studies have not been reported for thel8 As(100) surface, this result suggests that these

shifts may be quite different than those observed on the (110) surface. Surface chemical

shifts would have to be considered in determining E for the thermally clean GaAs(100)FrGaAs
surface. If it is arbitrarily assumed that surface chemical shifts increase EGa 3 d byrGaAs 

G~

+0.03 eV, and decrease EAs3d by -0.03 eV relative to the bulk values, the average value

of quoted in Table 1 for the thermally cleaned GaAs(100) surface would have to be

increased by 0.03 eV.

13
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Table 3

Lkewidth and Core Level Splittings Observed
an Thermally Cleaned GaAs(l00 Surfaces

EGAAs GaAs
As4 Pressure rGa3d rAs3d As3d -G sa3d

Sample During
No. Cleaning (eV) (eV) (eV)

(Torr)

I UHV 1.14 1.42 22.05

2 10-6  1.10 1.48 22.07

3 UHV 1.09 1.37 22.07

4 UHV 1.15 1.45 22.07

5 UHV 1.14 1.42 22.02

6 UHV 1.11 1.46 22.06

7 10"7 1.19 1.48 22.07

8 UHV 1.12 1.41 22.06

9 10-6  1.11 1.44 22.06

10 UHV 1.13 1.45 21.97

11 UHV 1.09 1.42 22.05

12 UHV 1.16 1.42 22.02

13 UHV 1.11 1.45 22.10

14 UHV 1.18 1.45 22.04

Ave. Values - 1.13 1.44 22.05

14
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4.0 SUMMARY AND CONCLUSIONS

Thin layers of Ge that incorporate As have been found to produce excep-
tionally low 4B interfaces on n-GaAs(100). Under suitable conditions, the low #B

interface can be retained in thick contacts as demonstrated by I-V measurements. The

role of Ge and As in producing the low #B contacts as well as the thermal stability of the

contacts needs to be explored. The low OB interfaces offer interesting possibilities for

the design of nonalloyed tunnel ohmic contacts.

The mechanism of ohmic contact formation to n-GaAs for the widely used
AuGeNi metallization is not well understood. In a careful electron microscopy investiga-

tion2 Pc was found to depend on the relative contact area of several phases. It was
concluded that a low Pc was achieved when the Ni 2GeAs phase dominates because of

enhanced Ge doping of the near GaAs interface region. The observation that thin (- 10A)

Ge(As) layers can markedly reduce #B suggests an alternate explanation. The Ni 2GeAs

and NiAsx phases may be separated from the GaAs by a very thin unobserved interface

layer of Ge(As) and are thus associated with a low #B region. With this model, a low PC

for the alloyed AuGeNi ohmic contact is obtained when the interface area of phases

associated with a low OB is greatest.

15
C8401 Dlbje



'Rockwell International
Science Cente

SC5485.AR

* 5.0 REFERENCES

1 . N. Braslau, J.B. Gunn and 3.L. Staples, Solid State Electron. 10O, 381 (1967).

2. T.S. Kuan, P.E. Batson, T.N. Jackson, H. Rupprecht and E.L. Wilkie, J. Appl. Phys.

4, 6952 (1983).

3. C.J. Palmstrom and D.V. Morgan, Gallium Arsenide, M.3. Howes and D.V. Morgan,

eds., Wiley, Chichester, Chapt. 6 (1985), and references therein.

4. M.F. Chang, P.M. Asbeck, K.C. Wang, G.J. Sullivan, N.H. Sheng, J.A. Higgins and

D.L. Miller, submitted to Electron Device Letters.

5. N. Braslau, 3. Vac. Sci. Tech. 19, 803 (198 1).

6. N. Braslau, J. Vac. Sci. Tech. Aj, 3085 (1986).

*7. C.Y. Chang, Y.K. Fang and S.M. Sze, Solid-State Electron. 14, 541 (1971).

8. See, e.g., C.E.C. Wood, 3. Vac. Sci. Tech. 18, 772 (1981).

9. R.W. Grant, 3.R. Waldrop, S.P. Kowalczyk and E.A. Kraut, 3. Vac. Sci. Tech. 19,
4770(981).

10. 3. Massies, 3. Chaplart, M. Laviron and N.T. Linh, Appi. Phys. Lett. 38, 693 (198 1).

It. H. Brugger, F. Schiff ler and G. Abstreiter, Phys. Rev. Lett. 52, 141 (1984).

12. P. Chiaradia, A.D. Katnani, H.W. Sang, Jr. and R.S. Bauer, Phys. Rev. Lett. 52,
1246 (1984).

13. I.R. Waldrop, Appl. Phys. Lett. 47, 1301 (1985).

16
C8401 D/bje



9Rockwell 'o teIona"i
Sc*ence Cesmer

SC54 5. AR

14. S.D. Offsey, 3.M. Woodall, A.C. Warren, P.D. Kirchner, T.I. Chappel and G.D.
Pettit, Appi. Phys. Lett. 48, 475 (1986).

15. F.R. McFeely, S.P. Kowalczyk, L. Ley, R.A. Pollak and D.A. Shirley, Phys. Rev. BZ,
5228 (1973).

16. E.A. Kraut, R.W. Grant, 3.R. Waldrop and S.P. Kowalczyk, Phys. Rev. B29, 1965
(1983).

17. J.R. Waldrop, R.W. Grant and E.A. Kraut, 3. Vac. Sci. Tech. (in press); the original
value of E as- E~as quoted in Ref. 16 has been revised by -0.05 eV.Ga3d

18. E.H. Rhoderick, Metal-Semiconductor Contacts, Clarendon, Oxford (1977).

19. W. M~nch and H. Gant, Phys. Rev. Lett. 48, 512 (1982).

* 20. S.P. Kowalczyk, R.W. Grant, 3.R. Waldrop and E.A. Kraut, 3. Vac. Sci. Tech. B1,
6840(983).

21. A.D. Katnani, P. Chiaradia, H.W. Sang, Jr., and R.S. Bauer, 3. Electron. Mat. 14,

25 (1985).

22. D.E. Eastman, T.-C. Chiang, P. Heimann and P.J. Himpsel, Phys. Rev. Lett. 45, 656
(1980).

17
C8401 D/bje



' Rockwell Internatonal
Science Center

SC5485.AR

6.0 APPENDIX

* This appendix contains a reprint that discusses work supported by this contract
during the reporting period. The reprint is entitled, "Correlation of Interface Composi-
tion and Barrier Height for Model AuGeNi Contacts to GaAs," J.R. Waldrop and R.W.
Grant, Appi. Phys. Lett. 50, 250 (1987).
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Correlation of interface composition and barrier height for model AuGeNi
contacts to GaAs

J. R. Waldrop and R. W. Grant
Rockwell International Corporation, Thousand Oaks. California 91360

(Received 23 July 1986; accepted for publication 2 December 1986)

Model contacts to GaAs that include nonalloyed layered structures of Au, Ge, and Ni in
various combinations are used to establish a correlation between interface composition and
large changes in barrier height #.. The interface Fermi level E', and chemistry during initial
contact formation were investigated by x-ray photoemission spectroscopy; the corresponding
#0 for the thick contact was obtained by current-voltage (I-V) measurement. The
circumstances under which a thin (- 10 A) Ge layer at the GaAs interface can produce 4,,
= - 0.25-0.4 eV (as measured by I-V) are described. For all model contacts examined a Op

range from -0.25 to 0.9 eV is observed. This result questions the usual assumption of a
relatively fixed #, of -0.8 eV for the alloyed AuGeNi contact and offers an alternative
explanation for the mechanism of ohmic contact formation. The conditions that define the
exceptionally low 0, contacts provide a guide for the design of nonalloyed tunnel ohmic
contacts.

The alloyed AuGeNi metallization' is widely used as an the GaAs and of other core level peak spectra appropriate
ohmic contact to n-type GaAs. The complex contact struc- for a given interface composition were obtained. I-V data
ture consists of several phases whose individual size and were obtained in 0.01 V forward bias increments.
composition depend on the alloying time and tempera- The GaAs (100) material is liquid encapsulated Czoch-
ture.' The familiar ohmic contact tunneling' model that ralskigrown n type (-SX 1016cm-3Se). Toprepare a sam-
gives~p, -exp(ai, /N0 '"2 ), wherep, is the specific contact pie, the GaAs is etched in fresh 4:1:1 H2SO4 :H20 2:H20solu-

resistance, 4, is the interface barrier height, No is the donor tion for - 30 s to remove polishing damage, mounted on a
concentration in the GaAs (>-_5x10" cm- 3 ), and Mo plate with In and immediately put into the XPS system.
a = 5X 10' cm - " eV ', is troublesome to apply quantita- The - 10 A native oxide layer is removed by momentary
tively to the alloyed contact. This difficulty arises from not heating, either in vacuum or in an As overpressure, to the
knowing precisely either 40, or the effect of Ge, Au, or Ni minimum necessary temperature (-550 C, which also
indiffusion on N.. It is usually assumed that 4 is inevita- forms an ohmic contact between the GaAs and the Mo
bly -0.7-0.9 eV because the Schottky barrier height"*9 for plate). This thermally cleaned surface is ordered [displays a
most metal contacts to GaAs is in this range. According to characteristic low-energy electron diffraction (LEED) pat-
this viewpoint p, is reduced by maximizing No . However, tern ] and is shown by XPS to be free of oxygen, carbon, or
for certain thin ( - 10-40 A) Ge overlayers on clean GaAs other contaminants. The Ge, Au, and Ni were evaporated
surfaces the interface Fermi energy E '- can be > 1 eV.'°." from W baskets; the As and Te sources were small quartz
Hence, if such a high E ' state (low 4") can be attained in a ovens. The NiAs layers were formed by depositing the Ni
tunnel AuGeNi ohmic contact thenp, would be substantial- onto a room-temperature substrate in a 10- -10 - Torr As
ly reduced for a given No. overpressure [although XPS analysis indicates the resulting

This letter reports an investigation of model AuGeNi Ni and As layer is As rich, and thus a compound (s) of the
contacts to GaAs that involve layered structures designed to form NiAs , for simplicity it will be referred to as NiAs 1.
correlate interface composition with 4.. The contacts were After XPS analysis of thin overlayers, a total overlayer
not alloyed to retain interfaces of controlled composition. thickness of > 2000 A was deposited. Circular 2.54 X 10-2
The interface chemistry and E , during initial contact for- cm diameter contacts were defined by using photolitho-
mation were observed by x-ray photoemission spectroscopy graphy and chemical etching.
(XPS); the corresponding 4, for a thick contact was ob- The representative Ga 3d core level peak data plotted in
tained by current-voltage (I- V) measurement. Since the cur- Fig. I show how XPS was used to measure E F and to moni-
rent transport for a tunnel contact depends on both 6, and tor composition during interface formation. The upper three
No, GaAs with N. appropriate for thermionic emission spectra are after sequential treatments to the same sample;
transport ( < 1011 cm 3) was used to simplify the I- Vanaly- the lower three are for three other samples with the indicated
sis. overlayer structure (peak heights are normalized). The up-

The contact interfaces were prepared under ultrahigh per inset in Fig. 2 shows the relationship between the inter-
vacuum conditions (10- 0 Torr range base pressure) in an face Ga 3d core level binding energy in GaAs and E : E'F
XPSsystem comprised ofa HP950Aelectron spectrometer = Eo, - 18.80 eV, where (E. - E,,) = 18.80 ± 0.03
(hv - 1486.6 eV monochromatic x-ray source, - 16 A ef- eV is the energy difference' 2 between the Ga 3d core level
fective photoelectron escape depth) and attached custom and the valence-band maximum. Note that the binding ener-
sample preparation chamber. During initial contact forma- gy Ey scale is referenced to the sample Fermi energy E.

tion XPS spectra of the Ga 3d and As 3d core level peaks in (other details on the use of XPS to measure E ' can be found
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ed Ge(As) 1, which presumably makes the Ge n type,
E .(Ge) = 1.0-1.2 eV. A LEED pattern from the Ge was
observed for these layers (with a high background at
200 "C). Room-temperature Ge deposition (no LEED pat-

, , " "tern), or 200-325 "C Ge deposition on a vacuum cleaned
/ .la "... surface without an As overpressure, yields E, (Ge) = 0.4I / -0.7 eV.
/ - . The relation d, - 1.43 eV - E ' indicates that barriers

9MA AS-1.A 0 a " in the 0.2-0.4 eV range can be achieved if the low band bend-
-" ing state (high E',) can be preserved upon deposition of

I1A To 10 .': additional contact material. For example, the third (from

top) spectrum in Fig. I is for 9 A of NiAs deposited onto the
7A A"A 9AGe(As) overlayer where E, (Ge) = 1.1 eV. Essentially

no change in the Ga 3d energy, and hence no change in E ,
IA 11 -1A 00 .-" occurs. To test the generality of this result another conduc-

. tive nonmetal, Te, was used. When 11 A of Te is deposited. I I i I

22 20 Is onto a Ge(As) overlayer with high associated E'-(Ge)
UINING ENERGY levi (fourth spectrum) there is also no change in E F. The situa-

FIG. I. XPS Ga 3d core level spectra for various thin overlaver structures tion is dramatically different when either Au or Ni is depos-
oninitially cleanGaAs (100) surfaces. Upper three spectra ar for succes- ited directly onto a high E' (Ge) Ge(As) overlayer (lower
sivedepionnthesawsampl two spectra in Fig. I). In each case E - shifted from

elsewhere)." Thus, the vertical line in Fig. I that marks the E'F(Ge) = -1.1 eVtoE, = -0.7eVafter the metal depo-
center ofthe clean surface Ga 3d peak at 19.47 eV is for £ . sition; thus, the low barrier condition was removed (the low(enr of . the arfae for3dpeakat 19a 4pe is.oE, binding energy shoulder in the last peak is due to a Ni-GaAs
(clean) e0.67eV (theaverage for 6 samplesis0.66eV,as chemical reaction).
indicated in Fig. 2). Do the XPS measurements of E , shifts correlate with

After deposition of 9 A of Ge onto the clean GaAs sur- the I-Vt& data for the same interfaces? To investigate this
face at 250 C and in I x 10 7 Torr As overpressure the question several kinds of model thick contact structures
Ga 3d peak shifts 0.43 eV to higher binding energy (com- were formed. The types that include Ge are shown on the
pare upper two peaks). This shift represents an increase in right side of Fig. 3; in each case an initial Ge overlayer is
E. to 1.10 eV. The E, for a thin Ge overlayer on clean followed (at room temperature) by the indicated deposi-
GaAs will be defined as E'. (Ge). Figure 2 gives the value of
E'.(Ge) for 13 different samples in which - 10 A of Ge was
deposited onto clean GaAs (see lower inset) at several dif- TABLE I. Correlikm ofitarfa¢- compoition and harrier height ror mod-el nonalkoyed AuGeNI en, nta.£ tO GaA'.
ferent substrate temperatures and As overpressure condi-
tions. These E,.(Ge) data are also tabulated in Table I. Ge depo%

For Ge deposited in a 200-325 "C temperature range Interface temp E, (Go)

under conditions where As incorporation occurs [ designat- structure VC) (CV) ev i

Au-NiA%-9 A Ge(A%) 200 0.98 0.31" 1.27
1.4 20.2 Au-NiA.-I I A Ge(A.) 200 0.98 0.35" 1.23

Au-NiA%-9 A Ge(A%) 250 1.10 0 39" 1 11

. Au-100 A Te-10 AGe (As) 200 1.07 0.23" L3
' T £ Au-I0 A Te-9 A Ge(As) 20 1.16 0.39' 1.0

1.0 so" A *S Au-100A Te-7 A Ge(As) 325 1.05 0.36', 110

O. i19 Au-10 A Ge(As) 200 1.02 07o 105

1 .Au-S A GcIA') 250 0.9s 062 2.05
06 ,,.. Au-9 A Ge(A) 325 1.16 064 105

SNi-10 A GtIA% 200 0.99 0812 lit

' Au-100 A Te-. AGe 200 0.65 0.65 106Ow.7 x Au-9 A Ge 325 0.40 071 11Q
0 •0 Au-100 ATe' ... ... 079 102

NiAs-ideal ... ... 080 I 04
Ni-ideal ...... 105
Au-ideal ... ... 0.89 1.05

M 12. lauerfeg Fermre eme, E, (Oe ) for thin - 10 ) Ge overlayers "Geoverlayer onl%.

dopeiled at G A (100) serfaces at several different temperatures. The 'Includes image force correction, see text.
eles rd.a sqar are for tO - 'and 10- Torr As overpreaure dur. 'Measured at T - 295 K unless noted.
ig O evapoatio rnspectively; the open circles are for a GaAs surface ' T = IO K.
dscud tied dlpwAsd ni wwom.' the open square is for GaAs cleaned in 'T- 100K.
10-" Ten As tid O depmited in vaum. 'Reference 17.
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tions. Not shown are structures without the Ge layer (desig- trical contact (other nonmetal conductors with this proper-
named ideal) where Au, Ni. or NiAs is deposited directly ty are likely).-
onto clean GaAs. In a careful electron microscopy investigation' of al-

Figure 3 also shows representative I V data ( T =295 ar loyed AuGeNi contacts p, was found to depend on the rela-
150 K. the lower measurement temperature was necessary tive contact areas of several Ni.,Ge~ks, NiAs, and
for los 64,) that demonstrate the Wide range in 4, which is Au(Ga,As) phases. It was concluded that a low p, is
associated with th-edifferent contact structures. The!. V data achieved when the Ni ,GeAs phase dominates because of
were analyzed by use of the thermionic emission model'4 for heightened Ge indifl'usion while a higherp,. occurs when Au
a Schottky barrier: I = 1, exp(q Ink T) I I - exp( - q V1 areas predominate. The present results suggest an alternate

k J) ., where both the ideality factor n (nt- 1.02 at T =295 explanation: the Ni.GeAs and ispae a culyb
K is ideal; there is often, however, an increase in n at low separated from the GaAs by a very thin layer (not yet ob-
7T) "~ and 1, were determined by a least-squares fit. The bar- served) of interface Ge and are thus associated with a low 6,
rier height 6b, is extracted from 1, by 1, = SA aT 2  ( -0.25-0.4 eV); the Au phase is associated with a high 64
-.exp I - q(6, - 16)lk. T 1,4, where S is the contact area, ( -0.7-0.9 eV). Consequently, with this model the mint-

.4 * = 8.16 is the effective Richardson constant, and A6 is the mum p, for an alloyed AuGeNi ohmic contact is obtained
caclae "image force correction (A6 = + C.04 eV for6, when the interface area of phases associated with a low 6, is

,O.7 eV and + 0.03 eV for 6,< 0.7 eV). Table I lists the greatest.
average 6, and nt values for the various interface structures The large variation in 6,, from - 0.25 to 0.9 eV, for the

(- seven contacts per sample, < ± 0.01 eV measurement different model interface structures suggests that low po,
uncertainty). nonalloved ohmic contacts that use Au, Ge, and Ni can be

The Au-NiAs-Ge(As) arnd Au-Te-Ge(As) contacts made ton '-GaAs (N, > 5 X 10'5 cm -') if interface compo-
that have a high E (Ge) ( - 1.0- 1.2 eV) also have a low 4, sition is controlled to minimizeik4. For example, a properly

-0.25-0.4 eV). In contrast, the Au-Ge(As) and fabricated Au-NiAs-Ge( As) contact should have a low 6,
Ni-Ge(As) contacts that have asimilarly highEt. (Ge) val- overt(he entire contact area.'"The -0.65 eV range in 6 also
ue have, without an intervening NiAs or Te layer, a high 6, has implications for GaAs Schottky barrier models in that
(- 0.6-0.8 eV). ' These values for 6, can be compared to 6, at GaAs interfaces cannot be assumed a priori to be re-

those for the Au and Ni "' ideal contacts, 0,(Au) = 0.89 st ricted to values of - 0. 7--0.9 eV.
and 4, (Ni) = 0.84 eV, and the two contacts where E i. (Ge) This work was supported by Air Force Office of Scien-
was 0.4 and 0.65 eV. Thus, a high Et, state induced by a tific Research contract No. F49620-85-C-0120.
Ge(As) layer can be preserved by a NiAs or Te layer that

* prevents Au or Ni from reaching the Ge-GaAs interface. 'N BrastAu, J B Gunn, and I L Staples. Solid Sile Elecironi 10, 381
The NiAs-idepl and the Au- 100 A Te" contacts have5 (1967)

=0.79-0.80 eV, which corresponds to Et. = 0.63-0.64 eV1 G Y. Robirnson. Sotid Stale Electron 18, 331 ( 1975)
thsvleof Ei, is essentially that of the clean GaAs surface. 'M 0gawa, I ApiPhs 51. 40 (1980)

this alue'T S kuiin, P'. E. Baison. T N. jlatkson, H Rupprecht. and E L %. ilkie.
Thus, NiAs and Te have no effect on the Ge-GaAs interface J pl Phyb 54, 6952 t t983).
electronic structure while also providing a conducting elec- 'A recent review with an extensive bibliography is C J Painisirom and D

V. Motrgan, in Galliumn Aienide. edited by M J Howes and D % Morgan
10 3 £~A. NA , Au (Wile). Chichester, 1985). Chaip 6
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the Ge layers (Fig. I ) in addition to the high and low 6, v.alues mea'urcd
-NiAs-i.iat by I-Von similarly prepared Ge layers (Table 1) rules out tunneling ats a

10 10 A O ats AG dominant conduction mechanism for our samples
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