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The outdiffusion of Be implanted into GaAs has been found to be identical after capless or 
capped (Si3 N" or Si02 ) rapid thermal annealing (RTA) at 900-1000 DC and to depend on the 
Be dose and its proximity to the surface. The outdiffusion is more pronounced when the Be 
implant is shallow ( < 0.1 p,m) andlor the Be + dose is high ( > 1 X 1015 cm - 2). It is 
demonstrated that the Be outdiffusion is driven by the presence of a highly damaged surface 
layer. Auger results suggest the formation of a BeOx compound at the surface of a high.dose 
(1 X 1016 cm -2) Be-implanted sample that underwent capless RTA at 1000 ·C/I s. It appears 
that BeOx formation occurs when the outdiffused Be interacts with the native Gal As oxides 
during annealing. AU the Be remaining in the GaAs after a > 900 "ell s R T A is electrically 
active. 

Beryllium implanted into GaAs at high doses 
( > 1 X 1013 cm- 2) is known to outdiffuse during subsequent 
furnace annealing at > 700°c' I 5 The use of rapid thermal 
annealing (RTA) in an Ar or arsine ambient reduces this 
outdiffusion only marginally, even for significantly shorter 
annealing times. 6 Co~implantation of N, F, P, or As ions 
together with Be has been reported to reduce the Be outdiffu~ 
sion and to improve electrical activation,7 In the present 
study, Be outditfusion was investigated in capless as wen as 
capped GaAs during R T A as a function of Be + dose and 
energy, The results suggest that a highly damaged layer ex~ 
ists at the surface of high-dose implanted GaAs into which 
Be segregates during annealing. This Be also appears to in
teract with the native oxide at the GaAs surface, 

Semi-insulating < 100) GaAs wafers were implanted 
with Be + in the dose range 1 X 1012-1 X 10'6 em - 2 at ener~ 
gies from 10 to 100 keY. For capped studies, a 500~A Si3 N,. 
film was deposited by plasma-enhanced chemical vapor de
position (PECVD) at 300·Co Capping with Si02 was also 
used on a limited number of samples. The samples were an~ 
nealed in a purified AT ambient in the temperature range of 
700-1000·C for durations of 1-300 s. Sheet resistivity and 
Hall measurements, and secondary ion mass spectroscopy 
(SIMS) were performed to study the outdiffusion, Cross
sectional transmission electron microscopy (XTEM) was 
also performed on Be alone and Bel Ar co-implanted sam
ples to study Be gettering to damage, 

Table r summarizes the amount of Be retained in the 
GaAs as measured by SIMS under a variety of Be t- dose/en
ergy conditions. All the implanted samples underwent 
capped RTA at 900 °C in Ar ambient. Identical outdiffusion 
results were obtained when the samples were annealed in 
arsine ambient with or without a cap, In all cases, no outdif~ 
fusion occurred when the Be peak concentration was 
< 2 X 1018 cm -3 (e.g" in Woke V 1 X 1012 cm - 2 or 60-ke V 

.) Permanent address: Instituto de Fisica, UFRGS, 91500 Porto Alegre, 
RS, Brasil. 

1 X 1Ol3 cm - 2 implanted samples), However, when the Be-+
peak concentration exceeded 1 X 1019 cm - 3 in the high-dose 
implanted ( > 1 X 1015 em - 2) samples, Be diffused rapidly 
toward the GaAs surface, Figure 1 shows pronounced out
diffusion in the samples implanted at 10 or 60 keY at a dose 
of 1 X 1015 cm - 2 and subsequently annealed at 900°C for 2 s. 
In the samples implanted at 10 keY only 3% of the implant
ed Be remained in the substrate after the annealing, How
ever, in the 6O~keV implanted samples, the fraction of Be 
remaining was 80%. The outditfusion continued as the an
nealing proceeded and the Be fraction decreased to 40 and 
15%, respectively, for 30~ and 300-s anneals. Figure 2 shows 
the out diffused fraction of the implanted Be measured by 
SIMS after a 900 °e/2 s R T A as a function of the Be dose for 
energies of 10, 60, and 100 keY, The outdiffusion is most 
pronounced for low-energy /high~dose Be implants, 

Since the SIMS profiles as well as electrical results from 
capless or Si3 N4 capped samples are identical, the role of 
Si3 N4 /GaAs interfacial stress on Be outdiffusion cannot be 
significant. This is further supported by an experiment 
where a limited number of anneals were done with an Si02 

TABLE I. Implanted vs remaining Be dose in the capped GaAs samples 
after RTA at 9QO°C for 30 and 300 s, The SIMS and electrical activation 
data were equivalent for the annealed samples as 100% of the remaining Be 
activated during the annealing. 

Implant Implant Remaining Be 
energy dose dose 
(keV) (cm- 2 ) (em -2) 

30s 3006 

10 LOX IOU 2.SX 1012 LOX 1012 

l.OX 1014 4.5x 10'2 2.5x 10" 
LOX 1015 2,OXlO" LOXW!3 

20 LOX lOIS 6.5X 1013 3.0X 1013 
60 l.OX 10" LOX 1013 1.0 X 10" 

1.0X 1014 9.0X 10" 1.0X 10" 
LOXlO '4 4.0X 10" 1.5 X 10" 

100 LOX 10'5 8,OX 1014 6,Ox 10'4 
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FIG.I.SIMSanalysisoflO-keV,lXlO"cm 'and60-keV,IXlOI'cm 2 

Be + implants into GaAs, before and after annealing at 900 'e/2 s in Ar. 
The Be segregates preferentiaIly towards the surface of the GaAs. 

cap and again identical electrical results were obtained. 
These results strongly indicate the driving force for the Be 
outdiffuslon must exist within the implanted substrate. Since 
Be is known to diffuse interstitially and its diffusion coeffi~ 
dent is enhanced in the presence of damage,4 a possible 
cause of outdiffusion may be Be segregation to a highly da
maged surface layer produced by the high-dose Be implant 
itself. 

In order to confirm that the presence of a heavily dam
age region at the surface can indeed cause Be segregation to 
the surface, an experiment was conducted in which Ar was 
co-implanted at 60 keY (1 X 1014 em - 2) into a Be~implanted 
sample (20 keY, 1 X 1015 em - 2). Under these implant con
ditions, the peak ofthe Ar distribution (-450 A) was shal~ 
lower than that of the Be (-750 A.). The XTEM (Fig. 3) 
revealed damage clusters in the region (0-550 A) where Ar 
was implanted. The XTEM micrograph and the SIMS pro
files of Be before and after R T A at 900 °C/2 s are compared 

FIG. 2. Fraction of the implanted Be outdiffused during capless RT A at 
900 'C/2 s under a variety of implant conditions. 
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FIG. 3. Segregation of Be to the Ar implantation induced damage region 
during capless RTA at 900·C for 2 s. (a) An XTEM micrograph showing 
the damage distribution in the Be (20 keY, 1 X 10" em - 2) + Ar (60 keY 
I X 1014 em 2) co-implanted sample. (b) The SIMS distributions of Be 
1llone before and after the annealing as well as Be + Ar after the annealing. 

in Fig. 3, It is clear that pronounced Be segregation occurs to 
the argon-induced damage region during the annealing. The 
Be redistribution in this sample is reminiscent of that ob
served in Fig. 1. To further substantiate the role of surface 
damage on Be out diffusion, 500 A was removed chemically 
(H3 P04 :H2 0 2 : H2 0, 3:1:50 at QOC) from a lOO-keV, 
1 X 1015 cm -2 implanted GaAs sample prior to annealing. 
The SIMS profile from this sample after R T A at 900 ·C/2 s 
shows that although significant redistribution of the Be still 
occurs, Be no longer outdiffuses. It is remarkable that nearly 
100% Be remained within the substrate after the annealing. 

In order to better understand the chemical nature of the 
Be accumulated at the surface during annealing, a GaAs 
sample implanted with the highest dose of Be (1 X 1016 

em - 2) and subsequently annealed at a relatively high tem
perature (1000 ·C/I s) was analyzed by scanning Auger 
electron spectroscopy (AES). A strong Be (30 at. %) peak 
at the surface was observed in the Auger spectrum in agree
ment with the SIMS data. However, the position of Be peak 
(95 eV) in the spectrum was shifted by 9-eV with respect to 
the pure Be peak position (at 104 eV) and corresponded to 
that of Be in Beo,.8 Furthermore, the Auger data as a func
tion of depth show that Be and 0. track each other in the 
near-surface region ( < 100 A) (Fig. 4). Both of these re
sults implied that a BeOx compound is present in the surface 
region of the GaAs. High-dose Be implantation can indeed 
cause atomic displacementslrecoils from the surface native 
oxide, leading to the formation of a stable BeO". Also. due to 
the presence of native Gal As oxides (Ga2 0., Gal 0 3 , 

AS2 0,3 ),the segregated Be can be chemically bounded up at 
the surface by the oxides. Based on reaction free energies of 
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FIG. 4. Auger depth profiles ofO!!, As, Be, and 0 from the sample implant
ed with Be at 100 keY to a dose of 1 X 1016 cm 2 and subsequently capless 
annealed at 1000 'C/I sin Ar ambient. Note that the Be and 0 track each 
other in the near-surface region. 

Be/O, Ga/O, and As/O, Be should be able to reduce Ga2 ° 
and AS2 0 3 during the annealing. The total depth of the 

BeOx is < 100 A, which would require approximately 
6 X 1015 cm- 2 of Be. The Hall data from this sample showed 
75% loss in electrical activation which agrees reasonably 
wen with the Auger data. At lower Be doses (e.g., Be, 100 
keY, 1 X 1015 em 2), it was difficult to detect Be unambigu
ously by Auger analysis because of a weak Be signal from 
such samples. 

We thank T. N. Jackson, J. F. Degelormo, and A. J. 
Fleischman for their constructive comments and help with 
multiple aspects of the annealing and PECVD deposition 
techniques. 
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Krf/H2 Raman conversion at high repetition rate using a hydrogen gas 
circulating system 
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A decrease of Raman conversion efficiency pumped by KrF excimer laser at high repetition 
rate was observed in a sealed hydrogen Raman cell. A hydrogen gas circulating system was 
designed with gas pressure up to 50 atm; it can be operated at a high repetition rate without 
decrease of Raman conversion efficiency. 

Stimulated Raman scattering of ultraviolet excimer la
ser radiation has been studied experimentally as a frequency 
conversion process for efficiently generating powerful out
put at near UV and visible wavelengths. Excimer lasers offer 
high peak powers and energies at a variety in ultraviolet 
(typical values are several hundreds of mJ from ArF -193 urn 
to XeF-351 nm). Unfortunately, the tunability of these sys
tems is limited to only about 0.2 nm. For some applications 
Raman conversion helps to extend the range of available 
wavelengths to a more useful region where high powers are 
not readily available by other schemes. 

The most commonly employed medium for Raman 
shifting is hydrogen gas because of its large vibrational shift 
and its low dispersion. Efficient Raman shifting of ArF, 
KrF, I and XeCl (Refs. 2 and 3) have been demonstrated 
several years ago. Most Raman conversion data in these ex
periments were obtained at single pulse or at low repetition 
rate. 

In this communication we present the results of Raman 
experiments at high repetition rate up to 150 Hz. The experi
mental results show reduction of Raman conversion effi
ciency when the repetition rate of the pumping laser is in
creased in a sealed Raman cell. Improved Raman conversion 
efficiency is obtained by flowing the hydrogen gas at inter
acting region of the Raman cell. The excimer laser used as a 
pumping source is a commercial discharge-excited device 
(Questek 2240), which was operated with gas mixture con
taining 2.6% F2, 5.6% Kr, and the balance He at 2.7 bars. 
An unstable resonator was adopted for improving the beam 
quality. The laser produces average power of25 W at 150 Hz 
with pulse length of25 fiS (FWHM). 

The Raman system consists of a 0.6 m long cell and a 
specially designed hydrogen gas circulating pump. The Ra
man cell has two tilted windows; each window has two-face 
antirefiected coating at 248 nm. The hydrogen gas pump was 
designed for circulating hydrogen gas at the focal plane in 
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