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Formation of highly n-doped gallium arsenide layers by rapid thermal 
oxidation followed by rapid thermal annealing of silicon-ca ped gallium 
arsenide 

D. K. Sadana, J. P. de Souza,a) and F. Cardone 
I: J. Watson Research Center, IBM, Yorktown Heights, New York 10598 

(Received 17 September 1990; accepted for publication I2 December 1990) 

Carrier concentrations at a level of ?Z 1 X 1019 cm - 3 were achieved when Si-capped GaAs underwent 
rapid thermal oxidation (RTO) in Ar + 0.1% O2 ambient at 850-1000 ‘C for 10-60 s followed 
by rapid thermal annealing (RTA) in Ar ambient at 850-950 “C. Carrier concentrations in the RTO 
only samples were in the range of 2-5 x 1018 cm - 3. Kinetic data on the diffusion of Si under 
RTO and RTO + RTA conditions are presented. The enhancement in the electrical activation of the 
diffused Si during RTA appears to be partly due to its local atomic rearrangement and partly 
due to redistribution in the GaAs. Ohmic contacts to the doped layer were made using Au-Ge-Ni alloy 
and contact resistances of 2 0.1 fi mm were obtained. 

Carrier concentrations in Si-doped GaAs even under 
best molecular beam epitaxy (MBE) growth conditions 
are limited to 5 1 X 1019 cm - 3.‘f2 Typical n-carrier con- 
centrations in Si-implanted/annealed GaAs are limited to 
S5X lOI cmW3. It was reported recently that carrier con- 
centrations of 2-5 X 10” cm - 3 can also be achieved by 
rapid thermal oxidation (RTO) of Si-capped GaAs.3 Sim- 
ilar carrier concentrations in GaAs were also achieved by 
earlier workers using either a heavily doped (a few percent 
As or P) Si cap or a bilayer of undoped Si and Si02.4p5 In 
this letter it is demonstrated that carrier concentrations in 
the Si-capped/RTO GaAs can be further enhanced to lev- 
els exceeding 1 X 1019 cm - 3 by subsequently rapid thermal 
annealing (RTA) the Si-capped/RTG GaAs samples at 
temperatures of 2 850 “C. 

Silicon layers of 500 A were sputter deposited at 10 - 3 
Torr pressure of Ar on semi-insulating LEC GaAs sub- 
strates. Experimental details of RTO of the Si-capped 
GaAs and Si removal after the RTO have been described 
previously.3 In the present investigation the RTO was per- 
formed at 850-1000 “C in Ar ambient mixed with 0.1% of 
oxygen. The oxidized samples were subsequently rapid 
thermally annealed at 800-950 ‘C! in Ar ambient with the 
Si face down. Cross-sectional transmission electron micros- 
copy (XTEM) of the samples after RTO up to 1050 “C 
showed a nearly smooth Si/GaAs interface. The as- 
deposited Si was amorphous but it showed epitaxial re- 
alignment in the interfacial region after the RTO, After the 
cap removal, sparsely distributed Si residues were present 
on the surface of the oxidized GaAs sample. 

The distribution of the diffused **Si in the GaAs was 
obtained by secondary-ion mass spectrometry (SIMS) us- 
ing a 10 keV Cs + primary beam. Special care was taken to 
avoid the Si residues in the analysis area during the SIMS 
analysis. Carrier concentration/sheet resistance-depth dis- 
tributions were also obtained from a selected number of 
samples that underwent RTO and RTO -I- RTA. The 
GaAs layers were removed sequentially in a controlled 
manner with an etch rate of 2 A/s in a solution of 375 

*‘Permanent address: Instituto de Fisica, UFRGS, 91500 Port0 Alegre, 
RS, Brazil. 

HzO: 1 H202:1 H&O, (by volume). Van der Pauw/Hall 
measurements were performed after the removal of each 
layer to obtain the sheet resistance/carriers profiles. In-Sn 
(10%) alloy was used to make ohmic contacts for the 
measurements. For contact resistance studies, the contacts 
(width = 25 pm) were fabricated by evaporating Au, Ge, 
and Ni layers in an e-beam evaporator at 10 - ’ Torr pres- 
sure followed by an alloying treatment at 470 “C for nom- 
inally 0 min. The transmission line measurement (TLM) 
method was used 1.0 determine the contact resistance on 
the Si-diffused GaAs6 The distance between the contacts 
varied from 4 to 3Z! pm. 

The diffusion of Si into GaAs from a Si cap during 
RTO has been discussed earlier.3 Figure 1 shows the dif- 
fused Si dose (solid. lines) and corresponding sheet carrier 
density (dashed lines) as a function of RTO temperature. 
For clarity of presentation data from RTO runs performed 
for only 10 and 60 s are included in Fig. 1. The data from 
the other RTO runs of 20 and 120 s although not included 
also showed similar temperature dependence as that in Fig. 
1. The activation energy of the Si diffusion in GaAs was 
determined to be 3.5 eV from Fig. 1. This value is higher 
(by 1 eV) than thai: reported by Grenier and Gibbons5 but 
is in general agreement with that reported by Kavanagh et 
~1.~ for Si caps doped with 4% P. Based on the sheet car- 
rier concentration d.ata of Fig. 1 and diffusion depths of the 
Si (SIMS, not shown) from the corresponding samples 
carrier densities of ;!-5 X 10” cm - ’ are found to be present 
in the Si-diffused region of the GaAs. 

A remarkable increase of X X 3 in the electrical acti- 
vation of the S&diffused layer occurred when the RTO of 
the Si-capped GaAs samples was followed by RTA in inert 
ambient with the original Si cap. For example, the sheet 
resistance of the sample that underwent RTO at 850 “C/60 
s dropped from 184. to 51 WEi when the RTO was imme- 
diately followed by RTA at 850 “C/30 s. Figure 2 shows 
the carrier concentration-depth profiles corresponding to 
these samples. Highly doped surface regions with a rela- 
tively flat depth distribution (compared to ion implanta- 
tion) were obtained after the RTO as well as RTO + RTA. 
The carrier concenzration in the RTO + RTA sample ex- 
ceeded the level of I X lOI cm - 3. Such levels of carrier 
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FIG. I. Diffused Si dose (SIMS) and corresponding sheet carrier con- 
centrations (N$) as a function of RTO temperature. The RTO runs were 
conducted for 10 and 60 s. 

concentration in %-doped GaAs have previously been 
achieved only in some of the best MBE-grown material. 
Figure 2 also includes SIMS profiles of the Si in the RTO 
only and RTO + RTA samples. A redistribution of the 
diffused Si apparently occurs during the RTA. It appears 
that the Si dose (3.9X lOI cm - 2, in the RTO + RTA 
sample was slightly higher than that in the RTO only sam- 
ple (3.0X lOI cmW2). 

A lim ited number of RTO runs were also conducted 
with ‘*O isoptope in the Ar ambient to trace the oxygen 
diffusion into the Si cap and/or GaAs with a high SIMS 

1o16 ' I I I I I 
0 600 1200 1800 2400 3000 

Depth (A) 
FIG. 2. SIMS profiles of the diffused Si after RTO at 85OW60 s and 
after the same RTO + RTA at 850 “C/30 s. Also included are the corre- 
sponding carrier concentration profiles. Solid triangles: carrier concentra- 
tions from the RTO only sample; open circles: carrier concentrations 
from the RTO + RTA sample. 
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FIG. 3. Comparison of the diffused Si dose and sheet carrier concentra- 
tion from the RTO only samples with those from the RTO + RTA sam- 
ples. The RTO + RTA times were equivalent to those of the RTO only 
samples. 

detection efficiency. The SIMS analysis of the GaAs after 
the cap removal did not reveal any diffusion of the I80 into 
the GaAs. The diffusion and redistribution of the Si during 
the RTO and RTO + RTA, respectively, are therefore not 
related to the presence of oxygen in the GaAs. 

Further data on the diffused Si dose as a function RTO 
time and combined RTO + RTA time at 850 “C are plot- 
ted in Fig. 3. In the case of RTO + RTA only RTA time 
was varied. Also included in the figure are the sheet carrier 
concentrations corresponding to the two types of samples. 
It is clear that the dose of the diffused Si increases sharply 
( k X6) from 3.0X lOI to 1.8X lOI cmP2 when the RTO 
time is increased from 60 to 180 s. By comparison the 
sample with 180 s of combined RTO( 60 s) + RTA( 120 s) 
show only a marginal increase (3.9~ 1014 cm - 2, in the 
diffused Si dose that was already present after the RTO. 
Yet, the sheet carrier concentrations in the RTO + RTA 
samples were higher by 2 X 2 compared to the RTO only 
samples. The biggest jump in the carrier enhancement in 
the RTO + RTA samples occurs during RTA for 5 30 s, 
i.e., under conditions where the additional Si diffusion is 
m inimal. The carrier enhancement begins to saturate for 
longer duration RTAs and eventually deteriorates for an- 
nealing times of Z  5 m in. This was further confirmed by 
the electrical results of the sample (188 WO, 2.6~ 1013 
cm - 2, which instead of RTO underwent furnace oxida- 
tion for 20 m in at 835 “C in AsH3 + 0.1% O2 ambient. The 
subsequent RTA at 850 “C/60 s did not show any improve- 
ment in the carrier concentration of this sample. 

The initial diffusion of Si into the GaAs during RTO is 
believed to occur when Si self-interstitials are generated by 
the oxidation at the Si surface.3 The carrier enhancement 
during the RTA is related to the following events occur- 
ring in the GaAs (ignoring the changes taking place in- the 
Si cap) : (i) redistribution of the diffused Si already present 
after the RTO, (ii) additional Si diffusion from the Si cap, 
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TABLE I. Electrical/SIMS data from the RTO samples before and after RTA with/without (capless) the original Si cap. 

RTO RTA 
(“C/s) (“C/s) 

&,(cm -‘) 
Cap Capless 

N,(cmM2) 
Cap Capless 

R,(R/O 
Cap Capless 

p(cm’/V s) 
Cap Capless 

825’60 . . . 
825/60 

900,‘60 . * * 
800,‘lO 
900/10 

925/20 . . . 
900/10 

1000/10 . . . 
950/5 

lOcO/60 . . . 
950/5 

6.4 x lOI 
5.5 x 10’3 
2.4~ lOI 
2.4x lOI 
5.4x 1015 
3.4x 10’8 
4.7x 10’4 
7.7x 10’5 

NM 
7.5 x 10’5 
2.2 x 1P 

. . . 
5.5 x 1013 

2.1 x lOI4 
5.4x 10’5 

3.4x 10’4 
. . . 

NM 

NM 

7.7 x 1012 
3.2x lOI3 
3.2 x 10” 
1.2 x 10’3 
2.1 x 10’4 
2.6X 10’3 
1.;; f$ 

2.4x lOI4 
1.3x 10’4 
3.3 x 10’4 

. . . 
1.6X to’” 

. . . 
4.6x 10’” 
1.07x 10” 

1.1 x 1o’J 

NM 

NM 

710 * . . 
147 336 
131 . . . 
102 120 
49 70 

180 . 
56 76 

102 . . . 
37 NM 
66 . . 
30 NM 

1138 .I. 
1338 1189 
1450 . . . 
850 Ill3 
767 600 

1353 .I. 
I029 722 
763 . * * 
715 NM 
743 . . 8 
630 NM 

NM-not measured. 

and (iii) local atomic rearrangement of the diffused Si. In 
order to better understand the contribution of each of these 
processes to the carrier enhancement the original Si cap 
was removed from a lim ited number of samples after RTO 
and subsequent RTA was performed under capless condi- 
tion. The SIMS/electrical data before and after capped/ 
capless RTA in the temperature range of 825-1000 “C are 
listed in Table I. The symbols Nsi, Ns, R, and p in the 
table represent the diffused Si dose from SIMS, sheet car- 
riers, sheet resistance, and Hall mobility, respectively. 
Comparison of the Nsi and Ns values under a variety of 
RTO conditions shows that 2 x2 enhancement in the 
sheet carrier concentration can occur after capless RTA. 
There is no additional Si diffusion into the GaAs because 
the Si cap which acts as a reservoir of the Si diffusion is 
absent during the capless RTA. It also appears from the 
table that the higher the initial RTO temperature, the 
higher the subsequent capless RTA temperature required 
to achieve 2 x2 carrier enhancement. The SIMS profiles 
(not included) show no measurable redistribution of the 
diffused Si after capless annealing. The enhancement in 
carrier density is 2 X 3 when the RTA is performed with 
the original Si cap. Table I again shows that a small 
amount of additional Si diffuses into the GaAs during the 
Si-capped RTA. It is interesting to note that the highest 
carrier enhancement ( 2 5) after RTA occurred in the 
sample where the depth of the diffused Si was extremely 
shallow ( 2 0.1 pm) after RTO (at 825 “C). 

The RTA was also performed in capless arsine ambient 
or with a Si,Ni, cap (500 A> at 900 “C/12 s or 85OW60 
s, respectively on a selected number of samples after re- 
moving the original Si cap. The sheet carrier concentration 
of these samples again increased by 2 X2 and no measur- 
able redistribution of the diffused Si occurred. There was 
no additional diffusion of Si during the latter annealings. 
There results clearly indicate that the local rearrangement 
of the already diffused Si alone during a post-RTG heat 
treatment can account for 2 two-thirds of the total en- 
hancement typically observed during the RTA. The re- 
mainder of the enhancement during Si-capped RTA is ap- 
parently related to the redistribution of the existing Si 
and/or additional Si diffusion from the cap. It should be 
pointed out that in a control experiment where Si-capped 
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GaAs undergoes only RTA (without any RTQ) the peak 
concentration of the diffused Si is approximately 3x lOI7 
cmv3 at 850 “C/6Cl s3 The level of the additional Si dif- 
fusing during RTA (with a Si cap) into the samples which 
had already undergone RTG is an order of magnitude 
higher than that in the RTA only samples. This may be 
related to changes in the doping level as well as the struc- 
ture of the Si cap after RTO. The cap indeed becomes 
heavily doped with Ga and As during RTO at levels of 
Z  1 X lOI cm - 3 due to the outdiffusion of Ga and As3 

Finally, the electrical quality of the ohmic contacts 
formed on the GaAs doped by the RTO method was de- 
termined by TIM measurements. A comparison of contact 
resistance was made among the following: (i) a control 
sample which was implanted with Si (30 keV, 4.5~ lot3 
cme2) and subsequently Si3N4-capped annealed at 
810 “C/10 m in, (ii) a Si-capped GaAs sample with RTO 
only at 850 “C/60 s, and (iii) a Si-capped GaAs with RTO 
at 850 “C/60 s + RTA at 850 “C/30 s. The Si depth distri- 
bution in sample (i) was comparable to that in sample (ii). 
The contact resistance values of 0.16, 0.02, and 0.05 
s1 m m , respectively, were obtained from these samples. 
The latter two values are equivalent because contact resis- 
tance values below 0.1 fi m m  cannot be measured accu- 
rately by the TIM method. The data clearly demonstrates, 
that the doped layers formed by the RTO alone or by 
RTO + RTA can provide extremely low-resistance con- 
tacts for GaAs devices. 

The authors are grateful to Joe Degelormo for Si cap 
deposition and arsine annealing, and Marc Albert for part 
of the RTG/RTA work. Critical comments of Harry 
Hovel on the manuscript are appreciated. 
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