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Improved resolution of secondary-ion mass spectrometry (SIMS) is obtained on Be &-doped
GaAs grown by molecular beam epitaxy at a temperature of 500 °C. The measured

impurity distribution width is 29 A, which corresponds to a SIMS resolution of Azp =125 A.
Impurity diffusion lengths of <10 A can be detected by the technique. The surface
segregation of Si impurities in 5-doped GaAs grown at 660 °C is investigated as a function of
doping density. The segregation length increases with the Si density and is consistent

with a segregation model based on the pinning of the Fermi level at the growing GaAs

surface.

Spatial localization of one-dimensional impurity distri-
butions along the epitaxial growth direction can be
achieved by the S-doping technigue.' The technique aliows
one to generate narrow impurity distributions confined to
one or a few lattice planes of 2 semiconductor. The impu-
rity distribution can be considered as §-function-like if the
width of the doping distribution is much smaller than the
spatial extent of the ground-state wave function of the free-
carrier system.’

Several research groups employed secondary-ion mass
spectrometry (SIMS) to assess the spatial localization of
impurities in 8-doped III-V compound semiconductors'™”’
as well as for column IV semiconductors.>® Despite the
gualitative agreement that low growth temperatures are
required to achieve the spatial localization of impurities,
different conclusions were drawn from SIMS measure-
ments on Si §-doped GaAs grown under comparable con-
ditions. It was suggested that significant Si dopant spread
occurs during growth at normal molecular beam epitaxy
(MBE) temperatures such as 550 °C,” while other groups
found no evidence for spread at temperatures of 500-
550 °C."® The present results resolve this discrepancy since
we consider the concentration dependence of the Si impu-
rity segregation.

In this letter we report on SIMS measurements with
improved resobution on Be and Si 8-doped GaAs grown by
MBE. A SIMS resolution of Az = 25 A is obtained which
is sufficient to detect impurity diffusion lengths of <10 A.
The superior resohution is obtained by optimized measure-
ment and crystal growth conditions and an optimized
structure. Furthermore, the segregation of Si impurities
during growth at 660 °C is investigated. The segregation
length is found to increase at higher Si doping density.

The epitaxial GaAs films are grown by molecular beam
epitaxy (MBE) on semi-insulating (001} oriented GaAs
substrates. The Varian Gen II growth system has an im-
proved doping homogeneity due to an increased disiance
between the Si and Be Knudsen cells and the 2" In-free
mounted substrates. The layer sequence of the Be-doped
sample consists of a 3000 A GaAs buffer layer grown for
smoothing purposes, one molecular monolayer of AlAs
(2.83 A), and a 1700-A-thick GaAs top layer which con-
tains two Be spikes of density N3 = 5% 10" cm 2 lo-
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cated 200 and 70C A below the epilayer surface. The layer
sequence of the Si-doped samples consists of a 4000-A-
thick GaAs buffer layer, the Si-doping spike, and a 1000-
A-thick GaAs top layer. The areal Si doping density is
varied between 1X10'2 cm ~% and 110" cm ~ 2 The Si-
doped samples are grown at a high temperature of 660 °C
in order to make segregation effects more proncunced.
SIMS is measured on a Physical Electronics “PHIY 63007
system. The primary-ion energy is varied betweern 1.0 and
3.0 keV. For Be- and Si-doped samples a O;7 and Cs™*
primary-ion beam is used, respectively. An angle of 60°
incidence to the surface normal is used for sputtering to
reduce the momentum transfer of sputtering primary ions
along the growth direction. The raster area is of squared
shape with an area of 750 pm X 750 pm. Gated detection is
used for the secondary ions such that the secondary ions
are detected from the central 9% of the rastered area. The
full widths at half maxima of the SIMS profiles are deter-
mined by computer calculations directly from the spectra.
The reproducibility of the width is better than 7% for
identical sputtering and detection conditions. The depth
sczle of the SIMS measurements is calibrated by profiling
the sputtered crater using a Dektak I profiler. The depth
determined for the first Be spike is 194 A£59%. Cur MBE
thickness calibration is known to be better than 5%, as
concluded from optical reflectivity measurements on
guarter-wave AlAs/GaAs multilayer reflectors. Thus, both
depth calibrations are in agreement.

The SIMS profile of a Be d-doped GaAs film is shown
in Fig. 1. A narrow peak is observed at a depth of ~200 A
which corresponds to the Be 8-doped layer. The full width
at half maximum of the Be peak is 29 A, which is the
narrcwest SIMS profile measured for 5-doped GaAs grown
at typical growth temperatures. From the symmetric shape
of the profile, we conchide that surface roughness is the
dominant broadening mechanism rather than the “knock-
on” effect.

The resolution of the SIMS technique is generally ob-
tained by assuming that the shape of the profile is 2 Gauss-
ian distribution.'® The symmetric Gaussian distribution is
justified since the profile shown in Fig. 1 is symmetric.
Provided that diffusion effects are negligible in the sample
shown in Fig. 1 (whick wiil be further demonstrated in the

© 1980 American Institute of Physics 1799

Downioaded 02 Jui 2003 1o 128.113.111.105. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr jsp



GoAs ' Be

NED= 51102 om ?
_ T = 5CC°C
'f’E 4} E=4.5keV
o I=70nA
‘:o_ $= 750 um
‘3’; ‘ <+ =60°
z 3
Zz
[S)
= H o
- .
s - = 29a
x
= R
22
tad
%)
b4
(o7
o
@
o

OL_L;M

0 106 200 300 400
DEPTH z (A)

FIG. L. Secondary-ion mass spectrometry profile on epitaxial GaAs with
a Be 5-doped layer 200 A below the surface. The following parameters are
used for the MBE growth and the measurement: Growth temperature
500 °C, primary-ion acceleration energy 1.5 keV, primary-ion current 70
nA, raster diameter 750 pm, sputtering angle 60°.

remainder of the letter}, the profile shown is given by the
resolution function of the technique. The resclution of the
technique, Az, is defined as twice the standard deviation
of the Gaussian distribution,m ie., Azg =12, Since the
full wicth at haif maximum is 2.36 times larger than the
standard deviation of a Gaussian distribution, the resolu-
tion of our measurement under optimized conditions is
Azy =25 A. The reproducibility of measurements with
this resclution is good, i.e., spectra measured under iden-
tical conditions on the same sample have a width of 29
Ax2 A

If impurities diffused out of the S-doped plane, the
measured SIMS profiles broaden as well. Assuming that
the impurity profiles are of Gaussian shape the measured
width of the SIMS profile is exactly given by

AZh=AZ + Ak, (1)

where Az, = 20, is the width of the impurity profile after
diffusion. The resolution Az = 25 A and its reproducibil-
ity (+7%) are known. Therefore we can determine the
smallest impurity distribution width, i.e., diffusion length
which can be determined by the technique. As an example
we choose a diffusion length for impurities of Azp/
2 =gp= VZDr = 10 A and obtain from Eq. (1) z,; = 32
A which corresponds to a FWHM = 38 A which repre-
sents a significant broadening of the profile as compared to
the profile shown in Fig. 1 and can be easily detected.
Thus, diffusion lengths of <10 A can be clearly detected in
our samples for the present opiimized measurement con-
ditions. This demonstrates that SIMS is the most sensitive
structural method to determine impurity diffusion lengths
in semiconductors.

The change of the resolution width with sputtering
depth is shown in Fig. 2 . The specira show two Be peaks
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FIG. 2. Secondary-ion mass spectrometry profile on epitaxial GaAs with
two Be §-doped layers at 200 and 700 A below the surface and on AlAs
molecular monolayer at 1700 A below the surface. The width of the peaks
broadens linearly with sputtering depth.

at a sputtering depth of 200 and 700 A as well as a2 molec-
ular monolayer of AlAs at a sputtering depth of 1700 A.
The widths of the peaks shown in Fig. 2 are average values
obtzined from four measurements with primary-ion ener-
gies of 1.0 to 1.5 keV and for raster areas ranging from
350X 350 um? to 750 X 750 um®. The average width of the
first Be spike is 31 A and increases to 40 A for the Al spike.

It is reasonable to assume that the Al atoms repre-
sented by the third spike in Fig. 2 are contained within at
most three atomic cation planes of the GaAs lattice. First,
the Al-Ga interdiffusion coefficient is extremely small
(<1072 cm®/s) at 500°C and has a high activation en-
ergy of 6 eV.'! Second, high-resclution transmission elec-
tron microscopy studies on (AlGa)As/GaAs interfaces
have not revealed diffusion of cations across the interface.!?

The depth dependence of the SIMS resolution is usu-
ally expressed by the linear equation'®

Azp=a + Pz, (2)

where « is the resolution for z =0 and 3 is a2 parameter
which represents the deterioration of the resolution with
depth. The deterioration of depth resclution increases with
sputtering depth because of the roughening of the crater
surface due to the statistical nature of the sputtering pro-
cess. The parameter 3 is obtained from the broadening of
the first two Be peaks and has a value of
£ =0.005 =0.5%. Note that this value is between the 3
values reported previously on 8-doped semiconductors.>®
The parameter ¢ is determined (using § = 0.5%) to be 24
A for the previously mentioned optimized conditions, and
is determined to be 26 A for the average values shown in
Fig. 2. Extrapolation of the SIMS resolution to a depth of
1700 A yields a profile width of 41 A (Azg = 35 A), which
is in agreement with the measured value of 42 A (Azyp =36
A). The consistency in the broadening behavior of the
three peaks with depth can only be explained if diffusion
effects of Be are negligible, i.e., the SIMS profiles are the
resolution function of the instrument. Note that Si is
known to be a slower diffusant in GaAs as compared to
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FIG. 3. Secondary-ion mass spectrometry profile on four Si -doped
GaAs samples grown by MBE at 660 °C. The leading stope of the profiles
is evaluated in terms of a length 4, within which the secondary-ion count
decreases by a factor of 10. (100 ion counts corresponds {o a concentra-
tion of 3X (0% cm " %)

Be.!*! Therefore, the present experiments confirm the ir-
relevance of diffusion effects for Be and Si in GaAs at MBE
growth temperatures of 500-550 °C.

The picture of spatial localization of impurities
changes at high growth temperatures where diffusion ef-
fects are larger.'™! In addition to diffusion, segregation
effects were found in Si-doped®>® and Be-doped® Gas.
Schubert ef al.? explained several segregation experiments
by a model based on the pinning of the Fermi level at the
growing semiconductor surface.” Impurities lower their en-
ergy by drifting towards the pinned surface. Beall ez al.’
developed a phenomenological model to quantitatively
simulate the segregation process. The basis of their model
is & rate eguation which includes an impurity arrival rate,
an incorporation rate, and a desorption rate.

The SIMS profiles of four Si §-doped GaAs samples
with different Si densities are shown in Fig. 3 . The profiles
are measured at 3 kV primary-ion acceleration potential.
The Si densities range between 1 10" and 1 10" cm 2
The growth temperature of 660 °C is unusually high for the
MBE growth of GaAs. However, segregation effects are
more prominent at such high temperatures. The SIMS
spectra are skewed towards the surface which indicates
surface segregation. The segregation is especially pro-
nounced at the highest Si densities. We evaluate the segre-
gaticn quantitatively by defining a segregation length of the
leading siope of the SIMS spectra, A;, in which the
secondary-ion signal decreases by one order of magnitude.
The trailing slope of the SIMS profiles is on the order of
Ar=190 A per decade of the secondary-ion count. The
trailing slope remains approximately constant for the four
samples. (For the lower primary-ion energy of 1.5 keV
used in Fig. 1 we obtain A, = 40 A.) Note that A is partly
determined by the “knock-on” effect by which primary
sputtering ions transfer their momentum elastically to im-
purities which are then “implanted” deeper into the crys-
tal. Both A; and Ay are broadened due to the SIMS-
induced *‘cascade mixing” effect znd due to conventional
diffusion.

The increase of the segregation length with impurity
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FIG. 4. Segregation length A, as a function of Si density in 5-doped GaAs
grown at 660 °C. The segregation length increases sublinearly with Si
density.

density is shown in Fig. 4. The segregation length increases
from Ay =40 A for the lightly Si-doped sample to
Ap =180 A for the heavily Si-doped sample. The trend to
segregation is obviously proportional to the density of Si
impurities. Note that the results are not compatible with a
solubility-tmited incorporation of Si which would predict
a top-hat distribution of Si. The increasing segregation
length is comsistent with the segregation model based on
Fermi level pinning.”

In conclusion, secondary-ion mass spectromeiry with
improved resclution was employed for the analysis of Be
and Si §-doped GaAs grown by molecular beam epitaxy
under MBE-typical growth conditions. An excellent SIMS
resofution of Azp = 25 A is obtained on Be-doped sarples
grown at 500 °C. The resolution allows cone to detect dif-
fusion lengths of <10 A. The surface segregation of Si in
S-doped GaAs is investigated as a function of Si density.
The Si segregation length increases with the Si density.
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