Nonalloyed ohmic contacts to heavily Be-doped GaP and In xGa_ P
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Nonalloyed ohmic contacts, with contact resistances as low.d3 &n?, are obtained tp** GaP

using Ni and Ti—Au. Very higtp-type doping (5<10'° cm™3) is achieved in GaP using a growth
temperature of 400 °C followed by ax situhigh-temperature rapid thermal anneal. Thg/pe
dopant is beryllium and the films are grown by solid source molecular beam epitaxy equipped with
a valved phosphorus cracker. A record high hole concentration1®® cm™2) is reported in

Ing 465 51P by using a growth temperature of 350 °C. 1®96 American Institute of Physics.
[S0003-695(96)03924-1

There has been an increased interest in the quaternatipn (RHEED) oscillations. A thermocouple was used to
(AlLGa _,)yIn; P in recent years because it gives a directmonitor the temperature. The details of growth were reported
band gap up to 2.2 eV and is thus an attractive materiatlsewheré?® Be-doped GaP and §ndGa, 5P epilayers were
system for visible optoelectronic devick$For efficient and grown on GaPL00) and GaA§100 substrates, respectively.
reliable operation of these devices, it is essential to use thin,Ga; P (x#0.49) was grown lattice mismatched on
lowest resistance ohmic contacts possible. Various metal§aR100 substrates using a linearly graded buffer Ia¥er.

have been used f@-type contacts to GaP and,[Ba, _,P. The nominal growth rate was gm/h for all the samples.
Ohmic Au-Zn contacts have been obtainedpttype The doping studies indicated that Be behaves like an

GaP after a heat treatment at 600 °C for 2 mifhe specific amphoteric dopant in GaP. The ratio of Be atoms on acceptor
contact resistancepf) was 6.5<10°% () cn?. Also, the sites to Be atoms on donor sites for GaP can be writtéh as
Au-Be eutectic and Au—Be—Ni alloy were used for making
ohmic contacts tgp-type GaP* The optimal sintering tem- Na
perature for these contacts was between 450 and 570 °C in N_S_
hydrogen ambient for 2 min. The lowegi, was 7.5
X107° Q cn?. Alloyed Au-Zn (E%ntacts were also used for where (p,) is the partial pressure of the phosphorus dimer,
p-type Iy »Gay 7P (pc=3x10"" Q cn). Since  high- K'(T) is a temperature-dependent constapts the intrinsic
temperature heat treatment is required to get good alloyegyrier concentration, angl is the hole concentration. Low-
ohmic contacts, they cannot serve as good reflectors.  temperature growth of GaP results in excess phospHéas.
The limiting factor in getting good nonalloyed ohmic g, psequent anneal at a high temperature increasesnboth
contacts top-type material in t7h'3 system is the difficulty in anq the partial pressure of phosphorus, which can help to
achieving hlggp-tyriz doping?’ Hole concentrations In ex- - increase the hole concentration. The high-temperature anneal
cess of I 102. cm* in GaP film$ and 5x 10 ecm™for  grives the interstitial Beédonop onto accepto(Ga) sites. For
Ing sGay 5P epilayer were reported using carbon. However, fijms grown at 400 and 600 °Giormal growth temperatuye
heavy carbon doping is believed to reduce minority carriefyith Be flux set for x 107° cm™3 at 1 ML/s growth rate the
desirable to use some otheitype dopant for these minority 1019 c¢m~3, respectively(Table )). An ex siturapid ther-
carrier devices. The highest hole concentrations achieved Uga| anneal of 900 °C for 30 s to these samples results in
ing group Il dopants such as zifi¢, magnesiunt} and increased hole concentrations of %.90° cm~2 and 1.97
beryllium'? and various growth techniques have been aroundc 101 ¢m~3, respectively. The hole concentration is also
10 em 2. dependent on the Be flux during growth. The doping effi-

In this letter we report low resistance (9 ciency is unity untl Be concentration of about 3
X107° Q cn?) nonalloyed ohmic contacts to heavily x10!® ¢m~23 and then it decreases rapidly.

dopedp-type GaP. We are able to achieve hole concentra-
tions as hlgh as 810" cm® in GaP by growing the f|Im§ TABLE I. Dependence of hole concentration on growth temperature in GaP.
at lower temperatures than normal, followed by a high-gq; g the films, Be flux was set forx1102° cm-2 holes. The anneal was
temperature rapid thermal anneal. Fog J#5a, 5P we ob-  a rapid thermal anneal at 900 °C for 30 s.

tained a hole concentration of X80 cm 2 by a low-
temperature growth. The details of these doping studies are
reported elsewher€. Nonalloyed ohmic contacts are also ¢

2
[K'(T)(Pp,)°?, @

n;
p

As grown  As grown After anneal After anneal
Growth hole conc. mobility hole conc. mobility

k > - emp.(°C) (cm™3) (cn?/V s) (cm™3) (cn?/V s)
obtained using Ni on kGa,_,P. — —
All the samples used in this study were grown in a modi- 399 Resistive Resistive
fied Varian GEN-Il CBE system. A valved cracker source 20 Resistive Resistive
ystem. A \ 400 3.9¢10'° 27 4.9¢10% 26
was used for phosphord$.Composition and growth rate 600 1.2 101 36 1.97¢ 10" 35

were calibrated using reflection high-energy electron diffrac
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TABLE Il. Summary of alloyed and nonalloyed contactsmtype GaP. The first film was grown at 400 °C and
given anex siturapid thermal anneal at 900 °C for 30 s. Be (cihgives the estimated Be atoms incorporated
into the film.

Hole conc. (cm®)  Tgrowth(°C) Be (cmi®)  Metal used  Alloying condition p. (Q cn?)

5% 10'° 400 1x107° Ti—-Au Nonalloyed 8.%10 ¢
(+ anneal
3x10'° 600 3x10'° Au-Zn(3%) 450°C, 90 s 4%10°°
Ni—Ti—Au Nonalloyed 2.%10°4
Ti—-Au Nonalloyed 1.4107%
3x10'® 600 3x10'8 Au-Zn(3%) 450°C, 90 s K104
Ni—Ti—Au Nonalloyed *10°?
Ti—Au Nonalloyed Nonohmic

All these results point to Be being an amphoteric dopanttacts are of the tunneling type. The contact resistance for 5
An increased hole concentration is obtained by a lowerx 10!° cm~2 doped film is 8.% 10 ¢ Q cn? compared to
growth temperature and by ax situhigh-temperature an- 2.9x10°* Q cn? for 3x 10" cm 2 doping. This is also in
neal as suggested by Ed.). The hole concentration depen- agreement with the strong dependence of contact resistance
dence on the Be flux during growth can be explained as dugf tunneling contacts on doping.
to the excess Béinterstitial donof compensating the accep- Another point should be noted. It can be seen from Table
tors, thus reducing the net hole concentration. Il that the contact resistances for Ni and Ti were comparable

For the study of various contacts gntype GaP and 4 the 3x 10 cm3 doped film. The work functions

In,Ga, P, the electrical properties of alloyed Au—-Zn con- (g, y of these two metals differ by about 1 eV. The compa-
tacts were used as the baselifetype GaP epilayers with 516, in spite of this significant difference i, indi-

hole concentrations 810" and 3x10'? cm* were stud- __cates thatbg , the barrier height op™ *GaP, might be the
ied. Both the films were grown at normal temperature with P o
hole concentrations of 310 and 3<10° cm 2, respec- S2Me for bot_h thesc_a Tftals. This in turn suggests that the
tively. Au—Zn(3%) alloy was thermally evaporated onto the surface Fermi level irp , GaP could b_e pinned. )
samples. The contacts were annealed at 450 °C for 90 s in Table Il summarizes the dopmg 'experlme.nts for
nitrogen ambient. The specific contact resistangg (vas MGa-xP. For Irb-49G9%-51P;3a dramatic increase in hole
calculated using the transmission line metA®d@he lowest ~concentration (2.810% cm™?) was seen at a ggowthﬁgem-
p. obtained during these experiments isXm 5 O cn?  Perature of 350 °C compared to 0530 og (850° cm™?)
(Table Il). E-beam evaporated Ni and Ti—Au were used forWith the Be flux set for K10?° cm™®. However, for
nonalloyed contacts. For thex@0*® cm™2 doped sample, 'NossGa.ad (only 6% more In and for InyGay P, 2
both contacts are ohmic, withp, in the range 1 x10* cm™2 holes were obtained at normal growth tem-
X107* Q c?. For the 3< 10" cm~2 doped sample, the Perature by setting the Be flux for>210'® cm™°. These
Ti—Au contact exhibits nonohmic behavior and the Ni con-results are very similar to the hole concentration dependence
tacts show a substantially higher X202 Q cn¥) contact ©On Be flux in GaP, suggesting an amphoteric nature of Be in
resistance. Ti—Au was also deposited on the1®® cm 3  InyGa_«P also.
doped GaP film. This film was grown at 400 °C with target ~ Nonalloyed ohmic contacts witp, between X102
Be of 1x10%° cm 2 and then annealed at 900 °C for 30 s.and 7X10* € cn? are obtained on these,@a _,P films
The p. for these contacts is 8910 ¢ Q cn?. To our using Ni(Table ). For normal temperature grown films
knowledge, this, is the lowest reported to date. with comparable hole concentrations, the contact resistance
To determine the electron transport mechanismjs found to be an order of magnitude lower fop K&, P
temperature-dependentVs were taken for the Ni contacts. compared to Ips£Ga 48P This difference could be related to
The |-V remains unchanged from its room-temperaturethe increasing barrier height in this alloy with increasing In
curve for temperatures as low as 77 °K. It has been sfibwn fraction® However, for the low-temperature grown
that, to the first order, the contact resistance for tunnelindng 4dGa 5:P, p. Was lower than that for jrGa, P. Clearly,
contacts is independent of temperature. Since this is what imore experiments are needed on these contacts and are being
observed experimentally, it can be concluded that the condone. The data on contact resistance tox3LB'®® cm 3

TABLE lll. Summary of doping and contacts fg-type InGa _,P. Be concentration corresponds to the
estimated Be atoms incorporated into the film.

Film Be conc. Hole conc. Alloying
composition  Tgrowth (°C)  (cm %) (cm™3) Metal used condition po(Q cn?)
Ino.4Gay P 560 1x10*  9.1x10®  Au-Zn3%) 450°C,90s 5.&10 ¢
Ing :Gay P 560 2} 101 1.8x 10% Ni-Ti—Au Nonalloyed 3.x10°8
INg 4Gy 5:P 350 1X 10%° 2.6x 10" Ni-Ti—Au Nonalloyed 7.5%x10 4
INg 4Gy 5:P 530 X107°  3.5x10'®
INo.5:G e 4P 520 3x10°  2.6x10° Ni-Ti—-Au Nonalloyed 1x 1072
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