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Gallium self-diffusion in gallium phosphide
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Ga self-diffusion in gallium phosphide~GaP! is measured directly in isotopically controlled GaP
heterostructures. Secondary ion mass spectroscopy~SIMS! is used to monitor intermixing of
69Ga and71Ga between isotopically pure GaP epilayers which are grown by molecular beam epitaxy
~MBE! on GaP substrates. The Ga self-diffusion coefficient in undoped GaP is determined to be
D52.0 cm2 s21 exp(24.5 eV/kBT) between 1000 and 1190 °C under phosphorus-rich condition.
The self-diffusion entropy is found to be;4 kB . © 1997 American Institute of Physics.
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Self-diffusion is the migration of constituent atoms
materials. This process is mediated by native defects in
ids and thus can be used to study the dynamics and kin
of these defects. The knowledge obtained in these studi
pivotal for the understanding of many important mass tra
port processes such as impurity diffusion in semiconduct
There has been a great deal of research on self-diffu
processes in silicon, germanium, and many compo
semiconductors.1,2 Diffusion of column-III atoms in III–V
compounds is of special interest because it affects the st
ity of epitaxial structures, such as those in GaAs/AlGa
lasers and transistors.3 Ga self-diffusion in GaAs and
AlGaAs has been extensively investigated.4 A popular model
for the process in intrinsic andn-type materials assumes th
triply negatively charged Ga vacancy to be the primary
tive defect mediating Ga migration, with an activation e
thalpy of 6 eV.4 Although it can explain most experiment
observations, the model has not put to rest the controv
surrounding the mechanism and characteristics of the
cess. For instance, our recent study using an isotopically
trolled GaAs epitaxial structure yielded an activation e
thalpy of 4.24 eV.5 The topic of self-diffusion in compound
semiconductors clearly warrants further investigation. E
panding the research on Ga self-diffusion beyond GaAs
other III–V compound semiconductors can be quite instr
tive in elucidating the microscopic mechanism. This mo
vated us to carry out an investigation on Ga self-diffusion
gallium phosphide~GaP! using the same method as em
ployed in Ref. 5. To our knowledge, the self-diffusion pr
cess has never been directly studied in this semiconduc

For the experiment,71GaP and69GaP epitaxial layers
200 nm thick were grown by solid source molecular be
epitaxy ~MBE! at 700 °C on undoped GaP substrates. T
natural Ga isotope composition in the GaP substrate
60.2%69Ga and 39.8%71Ga. The compositions in the isoto
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pically controlled epilayers, on the other hand, are 99.
69Ga (71Ga! and 0.4%71Ga~69Ga). Figure 1 displays the
concentration profiles of the Ga isotopes in as-gro
samples measured by secondary ion mass spectros
~SIMS!. In the SIMS measurement, the primary ion bea
was formed with 5.5-keV Cs1 ions. GaCs1 molecules were
detected as secondary species as the sputtering proceed
resolution of 3.5 nm per decade in Ga concentration can
achieved for an ascending concentration step at a sharp
terface~Fig. 1!. The broadening of the interface is primari
due to ion mixing and surface roughening by energetic C1

ions.
Before thermal annealing, the samples were cleaned w

solvents, HCl, and HF. They were sealed in quartz ampou
which were evacuated to;1026 Torr. To preserve the

FIG. 1. SIMS depth profiles of69Ga and71Ga in as-grown GaP isotope
epilayers on a natural GaP substrate.
183131/3/$10.00 © 1997 American Institute of Physics
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Downloade
sample surfaces, pure red phosphorus~99.99%! was placed
in the ampoules so as to create a phosphorus overpressu
;1 atm at each annealing temperature, assuming the i
gas law for P4. In addition the samples were buried in Ga
powder. Annealing temperatures were controlled to wit
61 °C and the ampoules were rapidly quenched in wa
following annealing.

In our experiment, Ga self-diffusion is studied by mon
toring the intermixing of the Ga isotopes between the t
epilayers or between the substrate and the adjacent epil
Since the two Ga isotopes undergo significant intermix
during the heat treatment, the SIMS broadening effects
be neglected when analyzing concentration profiles of the
isotopes in annealed samples. Assuming Fick’s equations
scribe the self-diffusion process and the diffusion coeffici
D is constant,6 the concentrations of the Ga isotopes can
expressed as

C~x!5
C11C2

2
2
C12C2

2
erfS xRD , ~1!

where x50 at the epitaxial interface,C1 and C2 are the
initial Ga isotope concentrations at the left- and right-ha
side of the interface, respectively, and erf(y) is the error
function. The characteristic diffusion lengthR is defined as

R52ADt, ~2!

whereD is the Ga self-diffusion coefficient andt is the an-
nealing time.

The SIMS data can then be compared with calcula
values ofC(x). Adjusting the diffusion lengthR, a fit of
C(x) to the SIMS profile can be made. Figure 2 shows
SIMS profiles~solid lines! and the calculatedC(x) of 69Ga
~circles! and71Ga ~continuous line! in a sample annealed a
T51111 °C for 3 h and 51 min. Excellent agreement is o
tained between the measured and the calculated profiles
two and a half orders of magnitude in concentration. T

FIG. 2. SIMS depth profiles of69Ga and71Ga in GaP isotope epilayer
annealed at 1111 °C for 231 min. The filled circles represent the calcul
69Ga concentration profile.
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agreement strongly supports the assumptions made in
~1!. The fitting procedure leads to an accurate determina
of D through Eq.~2!.

In Fig. 3, D is plotted versus temperatureT. The D
values span over two orders of magnitude in the tempera
range from 1000 to 1190 °C. They can be represented b

D5D0 expS 2
HSD

kBT
D , ~3!

where the activation enthalpyHSD and the pre-exponentia
factor D0 are determined to be 4.5 eV and 2.0 cm2 s21,
respectively. The self-diffusion entropySSD ~Ref. 2! can be
estimated fromD0 with

D05ga2v0 expSSSDkB D , ~4!

whereg is a geometric factor of the crystal structure,a the
lattice constant,v0 the frequency of the highest vibrationa
mode in the crystal, andkB the Boltzmann constant. In GaP
g;1, a55.45 Å, andv051.231013 Hz. Using these values
we obtainSSD54kB .

The Ga self-diffusion coefficients in GaAs from our pr
vious work5 are also shown in Fig. 3 for comparison. Th
activation enthalpy and entropy for GaAs are 4.24 eV a
7.5 kB , respectively.

As in the case of GaAs, the Ga self-diffusion coefficien
in GaP follow an Arrhenius relation described by Eq.~3!,
indicating that a single type of native defect is most like
responsible for mediating the Ga self-diffusion in GaP ov
our temperature range. In intrinsic GaAs, the defect med
ing Ga self-diffusion has been ascertained to be the tr
negatively charged gallium vacancy acceptor,VGa

32 .4 In view
of our limited data range, such an assignment may still
premature for GaP. From a recent positron annihilation st
in GaP, Krause-Rehberget al.7 reported that positron trap
ping by vacancies behaves similarly in GaP as in GaAs.
cancies are detected by these authors only inn-type GaP at

ed
FIG. 3. Arrhenius plots of Ga self-diffusion coefficients in GaAs~filled
circles! and GaP~filled squares!.
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Downloade
room temperature, with a detection limit of 231015 cm23.
These findings neither support nor exclude the possib
that in intrinsic GaP it is also the acceptor-likeVGa that me-
diates Ga self-diffusion.

Figure 3 shows that the Ga self-diffusion coefficient
GaP is about two orders of magnitude lower than that
GaAs. The decreased cation diffusion in III–V compoun
with phosphorus replacing arsenic as anion, has been p
ously observed.8,9 Interdiffusion of Ga and Al was deter
mined to be two orders of magnitude slower in the AlGaIn
GaInP superlattice system than in the AlGaAs/GaAs syst
The change has been attributed to the stronger Ga–P
compared to the Ga–As bond.9 Although we measured a
higher activation enthalpy in GaP~4.5 eV! than in GaAs
~4.24 eV!, the difference is not large enough to be outside
experimental uncertainty. More reliable is the difference
the pre-exponential factorD0 , or the entropy termSSD, be-
tween GaP (4kB! and GaAs(7.5kB!. This entropy term is
the sum of the formation entropySF and migration entropy
SM for the native defect mediating the self-diffusion.SF or
SM represents the number of equivalent formation confi
rations or migration jumps. The significant difference
SSD indicates profound variations in the way that the me
ating native defects are formed or migrate in GaP as c
pared to GaAs. The small value ofS supports a simple native
defect species as the major diffusion vehicle.

Our determination of the activation enthalpy and entro
for the Ga self-diffusion is important as a first step in und
standing the process. To determine the native defect whic
responsible for the self-diffusion process, further studies,
cluding effects of doping and stoichiometry, are required
Appl. Phys. Lett., Vol. 70, No. 14, 7 April 1997
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To summarize, we have studied Ga self-diffusion in u
doped GaP isotope heterostructures under P-rich conditi
It is concluded that the self-diffusion process is most like
mediated by one type of a simple native defect. The proc
is characterized by an activation enthalpy of 4.5 eV and
entropy term of 4kB . In comparison with Ga self-diffusion in
GaAs, the significantly smaller entropy term in GaP raise
question as to what causes this difference. The excellent
cess of molecular dynamics calculations forH and S for
GaAs self-diffusion10 will hopefully be an incentive to per-
form similar calculations for GaP.
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4T. Y. Tan, U. M Gösele, and S. Yu, Crit. Rev. Solid State Phys.17, 47
~1991!.

5L. Wang, L. Hsu, E. E. Haller, J. W. Erickson, A. Fischer, K. Eberl, a
M. Cardona, Phys. Rev. Lett.76, 2342~1996!.

6J. Crank,The Mathematics of Diffusion,2nd ed. ~Clarendon, Oxford,
1993!.

7R. Krause-Rehberg, A. Polity, W. Siegel, and G. Ku¨hnel, Semicond. Sci.
Technol.8, 290 ~1993!.

8S. O’Brien, D. P. Bour, and J. R. Shealy, Appl. Phys. Lett.53, 1859
~1988!.

9K. J. Beernink, D. Sun, D. W. Treat, and B. P. Bour, Appl. Phys. Lett.66,
3597 ~1995!.

10M. Bockstedte and M. Scheffler, Bull. Am. Phys. Soc. Ser. II41, 562
~1996!.
1833Wang et al.
nse¬or¬copyright;¬see¬http://apl.aip.org/about/rights_and_permissions


