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Variation of lattice parameters in GaN with stoichiometry and doping

O. Lagerstedt and B. Monemar
Lund Institute of Technology, Department of Solid State Physics, S-220 07 Lund 7, Su&eden

(Received 24 July 1978)

Lattice parameters were measured for different GaN samples, undoped as well as doped with Zn or some
iron-group metals. Very large variations in values of a and c were obtained, the difference between extreme
values being as large as 1%. It appears that nitrogen vacancies VN cause a decrease in lattice parameters of
GaN approximately according to Aa/a —Ac/c = —VN/Xo, N. An additional increase in lattice parameters
at high growth rates is the interpreted as due to self-interstitials in undoped materials. High doping with Zn
and some iron-group metals (Fe, Cr, Ni) also causes a large increase of lattice parameters, possibly due to a
substantial incorporation of these elements at interstitial sites and at N sites.

I. INTRODUCTION

The lattice parameters of a solid material are
experimentally easily accessible quantities. They
are also fundamental properties of the material,
since a great many physical properties depend
parametrically on the lattice constants in a sim-
ple way. The defect concentration is perhaps the
most important factor in determining the transport
properties of a semiconducting material. There-
fore, it seems surprising that the relationship
between defect concentration (including point de-
fects, such as vacancies or interstitials, complex-
es involving more than one lattice site, or extended
defects such as dislocations) and lattice parame-
ters has only received some scattered attention
in literature. At present there seems to be no
firm theory to predict the influence of such defects
on lattice parameters. Quite contradictory such
predictions exist, e.g. , on the influence of vacan-
cies on lattice parameters of semiconductors. ' '
The experimental situation seems to be equally
confusing. It is easy to find even a difference in
sign of the change in lattice parameters from dif-
ferent experiments performed on different sam-
ples due to a nominally similar introduction of de-
fects iri the material. ' ' It seems clear that more
work in theory as well as experiment will be nec-
essary to get a reasonable picture of this impor-
tant area of defect properties.

The lattice parameters for the wurtzite III-V
compound GaN have been investigated previously
by a large number of authors using material grown
by different techniques. A remarkably large scat-
ter in values has been reported, with a values
ranging from 3.160 to 3.190 A and e values ranging
from 5.125 to 5.190 A for nominally undoped ma-
terial. ' " A synopsis of such previous data is
given in Table I. This scatter in data is much
larger than the accuracy of determination involved
in at least a major portion of these investigations.

TABLE I. Review of lattice-parameter values for
GaN at room temperature from different sources in
liter ature.

a (A)
3.189
3.18
3.180 + 0.004

3.186
3.180 + 0.001
3.18 + 0.02
3.182 + 0.001
3.190+ 0.002
3.190+0.005
3.190
3.160 x 0.008
3.182
3.180
3.190
3.1683
3.182+0.003
3.188
3.17 + 0.02
3.182
3.18

c(A)-
5.185
5.16
5.166
5.185
5.178
5.178
5.19
5.176
5.190
5.17
5.184
5.125
5.173
5.166
5.189
5.1381
5.173 .

5.190
5.16
5.173
5.18

+ 0.005
+ 0.0006

+ 0.002
+ 0.02
+ 0.002
+ 0.002
+ 0.01

+ 0.010

+ 0.003

+ 0.021
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It is therefore reasonable to assume that the scat-
ter in lattice-parameter data for GaN evident from
Table I is mainly due to differences in growth con-
ditions and, consequently, in defect concentration.
To verify this assumption, and to get some insight
into the mechanisms underlying this surprisingly
large scatter, we have undertaken a comparative
study of lattice parameters for a large number of
GaN samples, undoped as well as doped, and grown
under varying conditions.

Growth and relevant properties of the GaN ma-
teri. al used in our experimental study, as well as
the procedure of measuring lattice parameters of
the samples, will be described in Sec. II. Exper-
imental results for lattice parameters of undoped
and doped samples are presented in Sec. III. In
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Sec. IV the obtained- results are discussed in more
detail and connected with the defect properties of
the GaN material used. A comparison is also
made with previous results on variation of lattice
parameters with defect concentration for other
semiconductors. The most important conclusions
from this work are listed in Sec. V.

dopants cause deep levels in the band gap, which
are found to affect electrical compensation of
GaN. " Their possible additional effect on
lattice parameters should emerge from the
data in Table II. The last group of samples,
DB-D10, are Zn doped, and are included to show
the effect of rather high Zn concentrations on GaN

II. MATERIALS AND EXPERIMENTAL PROCEDURE

The material used for this investigation was
grown by vapor-phase epitaxy on (0001) sapphire
substrates, as described separately. "'" The depo-
sition temperature was kept at 1025-1050'C, and
growth rates (of layer thickness) were varied from
very low values up to as much as 10 pm/min.
This was achieved by controlling gas flow rates
and the position of the substrate in the deposition
zone. Dopants were incorporated during growth
by vapor transport. Most GaN layers referred to
in this paper had a thickness of about 100 p, m.
This was necessary to ensure good-quality GaN
material, since particularly at high growth rates
a large defect (dislocation) concentration can occur
in the region close to the substrate, sometimes
extending as much as about 5 p.m away from the
substrate (Fig. 1). The preparation of samples
for x-ray investigations had to include a polishing
step to remove the entire sapphire substrate. In
addition, the part of the GaN layer closest to the
substrate was removed to leave only GaN samples
of proper crystalline perfection for x-ray investi-
gations. These samples were finally ground to
powder prior to lattice-parameter measurements.

Crystallographic investigations were performed
with a Guinier camera. To get an accurate de-
termination of a and c values for the GaN unit cell,
filtered monochromatic Cu Kn, radiation was em-
ployed. Further, a KCl reference was mixed with
the GaN sample. A very accurate densitometer
evaluation technique for determination of line
positions on the film (normally used for spectro-
scopic purposes) was available, which allowed
good precision in computer evaluated data for
a and c parameters.
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III. EXPERIMENTAL RESULTS ON LATTICE PARAMETERS

Results from our measurements from 15 dif-
ferent GaN samples are shown in Table II. Two
groups of samples were studied. UI-U5 are
nominally undoped samples, which should be rep-
resentative for an evaluation of variation of lattice
parameters from growth conditions alone. A sec-
ond group of samples, D1-D7, are doped with iron-
group metals such as Fe, Cr, Ni. , and Cu. Such

lorn

H:G. 1. SKM cathodoluminescence topograph of a
cleaved edge of an undoped GaN layer (a), compared
to the corresponding SEM surface picture (b). Within
a few pm of the substrate, the GaN material has a high
defect density, and therefore shows very low lumines-
cence intensity.
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lattice parameters.
The data from the group of undoped samples in

Table II indicate that variations in growth condi-
tions have a quite remarkable influence on lattice-
parameters for GaN. Samples Ul-U3 represent
good quality layers, about 100 p. m thick, with car-
rier concentrations below 10"cm ' (300 K) and
mobility about 100 cm'/V sec (300 K). The totalde-
tected impurity concentrations in these la,yers
were found tobe less than 50ppm (if rather large
amounts of Al normally incorporated in concentra-
tions 100-1000ppm are disregarded), "from an anal-
ysis with secondary-ion mass spectrometry (SIMS).
(Some crystals were found to have an impurity
content much. lower than these stated maximum
values. ) It is evident from Table II that such sam-
ples show no significant scatter in g values. There
is, however, some variation in c values for these
layers, which indicates a layer sensitivity of c
values for crystal-growth parameters. Such be-
havior has previously been observed for ZnO. "
Samples U4 and U5 represent extreme growth
conditions. U4 was grown very rapidly (growth
rate about 10 pm/min, compared to about 1 pm/min
for samples Ul-U3) and was found to have a bad
crystalline perfection (polycrystalline, high dis-
location density). Sample U5, on the other hand,
was a layer grown very slowly (at a rate &0.1
pm/min). Such layers have a very good crystal-
line perfection, as shown by recent channeling
studies. " Their N-vacancy concentration appears
to be very high, however, which makes them de-
generate n type if undoped (the N vacancy is a
shallow donor in GaN)' . lt thus appears as a
high growth rate induces large values for the lat-

tice parameters, while consequently low growth
rates give low values for both g and c. The dif-
ference between our extreme values (U4 vs U5)
is about 1%, which is at least an order of magnitude
larger than the largest corresponding shifts re-
ported in GaAs. '

Our observations on the influence of growth rate
on lattice parameters for undoped vapor-pha. se
epitaxy (VPE) grown GaN material are in agree-
ment with the trend that can be observed in the
collection of data from previousinvestigations pre-
sented in Table I above. The lowest values for
lattice parameters in Table I are for samples
grown as powder, where normally very slow
growth rates (say &0.1 Ip, m/min) are obtained.

No systematic study of the influence of doping on
lattice parameters of GaN wa. s carried out, since
inadvertent contaminants are still a problem in
the present technique of GaN VPE growth. Since
iron-group transition metals were found to have
interesting effects on the electronic properties
of the material, "we have included material
doped with iron-group metals in our analysis of
lattice parameters. The results are shown by the
second group Dl —DV in Table II. Samples D1—D3,
D6; and D7 in this group are grown with a growth
rate about 1 pm/min, i.e. , about the same as for
U1-U3 described above. Comparing these sets of
data, it seems evident that these iron-group contami-
nants cause a lattice dilation in GaN. A SIMS anal-
ysis shows that the main contamminants in the crys-
tals D1-D3, D6, and D7 were Fe and Cr, both pre-
sent in concentrations of 20-100 ppm. Al was pre-
sent in concentrations 500—1500ppm, which should
have a negligible effect on lattice parameters if

TABLE II. Measured values for lattice parameters a and c at 20 C for different undoped
(Ul-U5) and doped (D1-D10) GaN samples grown by VPE on sapphire. The uncertainties
indicated here are the standard deviations obtained in the computer evaluation of data from
about ten lines on the fibn.

Sample a (A) c (A) c/a

UI
U2

U3
U4

U5
Dl
D2
D3
D4
D5
D6
D7
D8
D9
D10

3.1865+ 0.0002
3.1866 + 0.0007
3.1865+ 0.0007
3.1988 + 0.0004
3.1683+ 0.0006
3.1961+ 0.0010
3.1968 + 0.0002
3.1931+ 0.0005
3.2037 + 0.0004
3.1970 + 0.0007
3.1958+ 0.0004
3.1916+ 0.0004
3.1912+ 0.0001
3.1924 + 0.0005
3.1936 + 0.0006

5.1822 + 0.0003
5.1875+0.0012
5.1869+ 0.0012
5.2024 + 0.0011
5.1483 + 0.0021
5.1939+ 0.0023
5.1972 + 0.0005
5.1913+0.0018
5.2106 + 0.0007
5.1976 + 0.0015
5.1925*0.0010
5.1913+ 0.0014
5.1902 + 0.0005
5.1928 + 0.0011
5.1965+ 0.0011

1.6263 + 0.0002
1.6279 + 0.0007
1.6278 + 0.0008
1.6264 + 0,0006
1.6249 + 0.0009
1.6251 + 0.0013
1.6258 + 0.0003
1.6258 + 0.0008
1.6264 + 0.0004
1.6258 + 0.0011
1.6248 + 0.0005
1.6265 + 0.0006
1.6264 + 0.0002
1.6266 + 0.0006
1.6272 + 0.0007
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Al is incorporated 'on the Ga site. (Note that lat-
tice parameters of GaN and ALN are very simi-
lar.") Sample D4 has a similar doping, but is
grown with a growth rate about 10 p.m/min, i.e.',
similar to U4. The extremely high values for a and c
observed for D4 are therefore due to an excessive
growth rate in addition to doping. Sample D5 is a
crystal grown at normal growth rate (=1 p, m/min),
but intentionally doped with a high Ni concentra-
tion. The data obtained for D5 (Table II) show that
Ni behaves similarly to Cr and Fe in dilating the
GaN lattice.

Zn doping has been employed for the purpose of
preparing high-Ohmic GaN for light emitting de-
vices, "and is of great interest because of the dif-
ferent electronic levels caused by Zn in GaN, mak-
ing light emission over the entire visible spectrum
possible. "" Sample D8 is a Zn-doped layer
grown rather slowly (= 0.1 p, m/min) with a rather
high crystalline perfection. The lattice parame-
ters of D8 clearly exceed the corresponding values
for undoped material, which means that Zn doping
expands the GaN lattice. The same conclusion is
drawn from the results of D9 and D10. These lay-
ers were so called in-structures, i.e. , a Zn-doped
layer was grown on top of a nominally undoped
GaN layer, all with a growth rate of about 1

p, m/min. The values shown in Table II are ob-
tained as an average over the broadened double '

lines observed in these cases. Indeed, if Zn doping
causes an increase in lattice parameters, a double
line would be expected to occur in a composite
sample guch as D9 and D10, where undoped ma-
terial is also admixed. An example of such a
double line is shown in Fig. 2. If the two sets of
lines are evaluated separately, we obtain, e.g. ,
for sample D10 values a=3.190 A and az =3 19V A

for undoped and Zn-doped material, respectively.
The value a =3.190 A is typical for rather rapidly

PIG. 2. Comparison between the appearance of diffrac-
tion lines on the film for two different samples (D5 and
D10). D5 is a homogenous layer, while D10 is anin-
structure with Zn-doped GaN on top of nominally undoped
QaN. D10 shows a double line interpreted as being due
to an increase of lattice parameters in the Zn-doped
part of the layer.

grown undoped material (cf. U1- U3 above). In-
corporation of about 10" cm~ Zn, therefore,
seems to cause an increase in Lattice parameters
of about 0.2/0.

The possible variation of lattice parameters
within a particular sample can be judged from the
linewidths observed on the films. Except for D9
and D10 discussed above, very narrow lines were
observed in all cases (Fig. 2). This means that
such variations over the sample were small; the
area of the layer used for each sample was also
rather smaLL, 5-10 mm'. The fact that the lattice
constants are very well defined within a sample,
together with the large variations observed be-
tween different samples (which will be shown be-
low to be systematic in defect concentration), is
a good argument that the large variations in lattice
parameters are indeed created during growth of
the material, and not due to strains or dislocations
created during the sample preparation after growth
(such as the grinding step). Even though the grown
in dislocation density well away from the substrate
(see above) could still be of the order 10' cm-'
(Ref. 18), we again think the narrow linewidths
give a good argument that possible variations in
dislocation density of the layers do not contribute
the major effect (of the order 1/o) on the variation
of lattice parameters shown above.

IV. DISCUSSION

To our knowledge variations of room-tempera-
ture lattice parameters of the magnitude of 1/p
were previously unheard of for semiconductor ma-
terials. Usually such variations, as reported for
the most common semiconductors such as Ge, Si,
and GaAs, are less than 10 ' and typically a few
ppm. '" " Similar accurate investigations for the
more exotic III-V compounds or II-VI compounds
seem to be absent, but there is certainly some
scatter in published data also for such mater-
ials, ""although not as large as demonstrated
here for GaN. Our data clearly demonstrate that
accurate evaluation of crystallographic data has
to consider the defect properties of the particular
sample under study. Sizable variations seem to
occur with growth conditions for undoped material,
which is therefore interpreted as an influence of
native defects such as vacancies. Doping with Zn
and iron-group impurity atoms was also found to
influence the lattice constants quite drastically for
GaN. We will discuss these "intrinsic" and "ex-
trinsic" influences on lattice parameters in some-
what more detail below.

It has previously been established that the con-
ductivity of not intentionally doped GaN prepared
in the manner described above is generally not due
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to the incorporated impurities, but rather to the
creation of native defects. "'" The material has
a tendency to become low-restitivity n type, with
an electron concentration far above detected levels
for impurities. " The most obvious candidate for
a shallow donor state causing these effects is the
nitrogen vacancy V~. V~ is expected to behave as
a donor in GaN, just as V~„should be an accep-
tor ".(A corresponding situation seems to have
been experimentally proved for GaAs, where V~,
is an acceptor and VA, a donor. ) Furthermore,
other intrinsic defects such as antisite defects are
calcu/ated to have much higher energies of forma-
tion in GaN than the single vacancies, and the latter
would therefore be expected to be the important
species even after a cooling down to room temper-
ature. " Therefore, we have confidence in the as-
sumption that the n-type conductivity of undoped
GaN is due to the isolated V~ donors, which seem
to have a shallow binding energy of about 30
meV. ' '"

Independent of the data reported here, we have
observed a definite correlation between the growth
rate of the epitaxial GaN layers and their electron
concentration. Very slowly grown (&0.1 p, m/min)
layers always come out degenerate n type if un-
doped, with electron concentration (300 K) of
typically 5&10"-10"cm '. A higher growth rate
alwa, ys reduced the electron concentration n; a
rate of about 1 pm/min at 1050 "C was found to reduce
n well below 10"cm ' at 300 K for undoped layers.
This is consistent with previous data taken over
a very limited range of growth rates. " (With ac-
ceptor doping with, e.g. , Zn, high-resistivity ma-
terial can easily be obtained even for low growth
rates. 2'") At low growth rate, a high Vq
concentration is apparently created in undoped
material grown at about 1050'C. This is not sur-
prising in view of our present knowledge about the
thermal instability of GaN. In some previous in-
vestigations, thermal instability has been reported
for temperatures as low as 800 C." Our results
further indicate that (for growth rates below 1

pm/min) the more rapidly the growth is taking
place, the larger is the difference between deposi-
tion and dissociation rates, which results in a re-
duced V~ concentration.

Our data on lattice parameters for undoped GaN
r eported here establish the relation between growth
rates and values of a and c. The above discussion
strongly indicates that the physical correlation in-
volved is the one between lattice parameters and
V~ concentration. Our interpretation is that a
large V~ concentration, say of the order 10"cm ',
corresponding to a very low growth rate (&0.1

m/ inm) ha, s the remarkable property of reducing
the lattice constant more than 0.5% below the value

typical for layers grown at about 1 p, m/min, where V„
is estimated to be less than 5 x 10"cm~. From early
measurements on nonstoichiometric GaAs a. simi-
lar variation of lattice parameters on VA, concen-
tration was claimed. ' In their case a relation na/a
= V„,/N„,„,was found to hold up to na/a- 10~; at
higher V„,concentration a satura. tion in na/a oc-
curred. ' Note that for GaAs an inc~ease na/a with
V„,concentration was claimed. In our case with
GaN we find a decrease in g and c with V~ concen-
tration, approximately Aa/a (= Ac/c) = —V ~/Nc,„.
This is the result obtained from the empirical
Vegard's law arguments, "generally used in the
discussion of the influence of point defects on lat-
tice parameters. If we put

ha/a = (4/v 3 ) (a~/a) V„/X„„,
where 2 r is taken as an appropriate N radius in
GaN (estimated as an average of covalent and ionic
contributions"), we obtain Aa/a=- V~/N~„q.

Unfortunately, the crude estimates from Ve-
gard's law seem to be of little value when it comes
down to the detailed physical mechanisms involved.
The major problem is that there are good theo-
retical arguments for a rearrangement of bonds at
a vacancy so as to produce an outward relaxation
of the lattice at a vacancy. "'" At first sight this
would imply that all vacancies expand the lattice,
which would fit some experimental data on VA, in
GaAs, but is in contradiction to our data on V~
in GaN. Our results would indicate that either
there is an inward relaxation around V~ in GaN
or there are long-range strain fields around such
a vacancy, causing a substantial net contraction
of the lattice. Further theoretical work is needed
to resolve which of these possibilities is correct.

The upward deviations from the "normal" values
for the GaN lattice parameters (as represented by,
e.g. , U1-U3 in Table II) are also very large.
Such deviations occur for undoped samples grown'
at a very high growth rate, but also for samples
doped with some iron-group metals, Zn, and Mg."
For the undoped samples it is reasonable to as-
sume that a large concentration of self-intersti-
tials could be created. Independent experimental
support for such an argument is given by recent
channeling experiments on VPE GaN. " It was

t

found that for crystals grown at a very low growth
rate, a high crystalline perfection is obtained.
This means that the concentration of interstitials
is low (the channeling method does not detect va-
cancies). For crystals grown at a higher growth
rateq a hlghel coIlcentratlon of atoms Rt lnterstl-
tial sites was always detected. " The notion that
interstitials would ha, ve a tendency to increase the
lattice parameters seems to be generally accept-
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ed, and appears to be a very reasonable assumption.
No quantitative estimates of concentrations of in-
terstitials in the sample U5 (and D5) relevant for
this discussion can be made at present.

The problem of predicting the influence of doping
with foreign atoms on lattice parameters seems to
be a controversial one, and quite contradictory sug-
gestions appear in literature. The most general
idea is the one of atomic size, based on Vegard's
law, predicting lattice dilation if the (covalent)
radius of the impurity atom is larger than the one
it replaces. " In partly ionic materials, such as
III-V compounds, additional factors have been pro-
posed to influence lattice parameters, such as ef-
fective charge-compensation r atio." In the latter
cise, however, there seems to be a controversy
of sign for this contribution in GaAs. " In our case
of iron-group metals as well as group-IIB metals,
an introduction of these on Ga sites would cause a
reduction of the lattice- parameters according te
Vegard's law, since their atomic radius (covalent
as well as ionic radius) is sma. lier than for Ga.
This is contrary to the observations reported here.
Ionic charge effects could weQ be important in the
case of GaN, but as noted above no firm predic-

tions seem possible in this case." For group IIB
metals previous independent data on electrical
properties of Zn-doped GaN have led to the sug-
gestion that Zn predominantly occupies vacant N
sites when introduced in large concentrations. "
This would be consistent with the above data on lat-
tice parameters, since the simple size arguments
predict a lattice dilation when Zn enters N sites. A
similar explanation of our data for the iron-group
metals (Fe, C r, Ni) studied here can be offered if they
preferentially occupy nitrogen sites (i.e., they fill
out N vaca, ncies). This would also explain the
ability of these metal impurities to effectively
compensate the t/"N donors in GaN to make the ma-
terial highly resistive. "

In spite of the large variations of a and c be-
tween different samples grown under different
conditions, the c/a ratio was found to vary much
less, within the limits 1.6264+ 0.0015, as evidenced
from Table II and Fig. 3. This can be interpreted
as a strong stability of the GaN wurtzite structure
against variations in defect concentrations and
variations in growth conditions. The stability of
the wurtzite structure of GaN can be related to the
deviation of c/a from the ideal value 1.633." We
have never observed cubic GaN in our growth of
several hundred GaN epitaxial layers; the same
conclusion comes from a parallel investigation of
freely nucleated GaN single crystals. " Cubic GaN
has been reported in literature, " but this observa-
tion has apparently not been reconfirmed.

~ 5.20

5.I9

5.I8

hd

5.I7

~ 5I6

5.I4 C.

3.I6 3.I7 3.I8 3.I9 3.20 3.2I 3.22

LATTlCE CONSTANT a (A)

FIG. 3. Synopsis of lattice parameters c and a for
all investigated samples of Gaw. Undoped samples are
denoted {0), Zn-doped samples (v), and iron-group met-
al doped samples (&). The two fuH lines( ———) correspond
to the extremal c/a values observed. The ideal c/a val-
ue 1.633 is also shown by the upper line (—-), showing
that aH the observed c/a values for Gaw faH well below
this value.

V. CONCLUSIONS

Accurate measurements of lattice parameters
a and c for wurtzite GaN epitaxial layers reveal
surprisingly large variations with stoichiometry,
as well as with doping with group IIB and ll on-
group metals. Undoped layers grown slowly (&0.1
pm/min) at 1050 'C are degenerate n type due to
a large concentration VN of N vacancies. This
leads to a drastic reduction in lattice parameters,
approximately according to ha/a = b c/c = —VN/
NG, &. Very high growth rates at 1050 C lead
to increased values for a and c, partly due to a
reduction in t/N, but at high growth rates also due
to an increased concentration of self-interstitials.
Variations in a and c obtained with undoped layers
are therefore found to be in excess of l%%u~ at vary-
ing growth conditions.

Doping with Zn leads to an increase of a and c,
suchthat10" cm Znatoms causealatticedilation
of about 0.2/0. This dilational effect is not entirely
due to an incorporation into interstitial sites, but
also to a large extent at N site~. Doping with Fe,
Cr, or Ni in concentrations 2x 10"-j.0" cm~
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causes lattice dilation of the order 0.1%. The simple
Vegard~s'law arguments imply that the major part
of these elements cannot be incorporated on Ga
sites.

The collection of data obtained here exhibit a
moderate variation of the c/a ratio within the
limits 1.6264+ 0.0015. This is well below the ideal
c/a ratio 1.633, indicating a strong stability of the
GaN wurtzite structure, even with drastic varia-
tions in defect properties. Cubic GaN would there-
fore not be expected to form under these growth

conditions (1025-1050 C, normal pressure, i.e. ,
far below equilibrium pressure).

ACKNOWLEDGMENTS

We acknowledge the kind assistance of Professor
B. Aurivillius and his co-workers, who made ex-
cellent equipment available for x-ray powder mea-
surements. We have also benefited from discus-
sions with E. Ejder and H. 'Titze. Financial sup-
port from the Swedish Board for Technical De-
velopment was essential for this work.

~N. F. Mott and R. W. Gurney, Electronic Processes in
Ionic Crystals, (Oxford U.P. , New York, 1940).
S. W. Kurnick, J. Chem. Phys. 20, 218 (1952).

3R. A. Swalin, J.Phys. Chem. Solids 18, 290 (1961).
4S. Asano and Y. Tomishima, J. Phys. Soc. Jpn. 13, 1126

(1958).
5A. . F. Willoughby, C. M. Driscoll, and B.A. Bellamy,J. Mater. Sci. 6, 1389 (1971).
6M. E. Straumanis and C. D. Kim, Acta Crystallogr. 19,

256 (1965).
VH. R. Potts and G. L. Pearson, J. Appl. Phys. 37, 2098

(1966) .
H. P. Maruska and J. J. Tietjen, Appl. Phys. Lett. 15,
327 (1969).

~T. L. Chu, K. Ito, B. K. Smeltzer, and S. S, C. Chu, J.
Electrochem. Soc. 121, 159 (1974).

~ R. Juza and H. Hahn, Z. Anorg. Allg. Chem. 239, 282
. (1939),

~~M. Ilegems and H. C. Montgomery, J. Phys. Chem.
Solids 34, 885 (1973).

'2Y. Mor imoto, K. Vchiho, and S.Vshio, J.Electrochem.
Soc. 12O, 1783 (1973).

~SR. Madar, Q. Jacob, J.Hallais, and R. Fruchart, J.
Cryst. Growth 31, 197 (1975).
R. Batijewski. and M. A. Herman, Acta Phys. Pol. A
47, 563 (1975).
E. Ejder, J. Cryst. Growth 22, 44 (1974).

~6A. Shintani and S. Minagawa, J. Cryst. Growth 22, 1
(1974).

~'K. R. Faulkner, B.J. Isherwood, B.P. Richards, and
I. H. Scoby, J. Mater. Sci. 5, 308 (1971).
H. P. Maruska, L. J. Anderson, and D. A. Stevenson,J. Electrochem. Soc. 121, 1202 (1974).

~~J. V. Lirman and G. S. Zhdanov, Acta Physicochim.
USSR 6, 306 (1937).
N. E. Alekseevskii, G. V. Samsonov, and O. I. Shuli-
sova, Sov. Phys. JETP 17, 950 (1963).
M. D. Lyutaja and V. F. Bukhanevich, Buss. J. Inorg.
Chem. 7, 1290 (1962).
H. Schulz and K. H. Thjernann, Solid State Commun. 23,
815 (1977).

2~M. D. Lyutaya and T. S. Bartnitskaya, Izv. Akad. Nauk
SSSB, Neorg. Mater. 9, 1186 (1973).
G. V. Samsonov and M. D. Lyutaya, Z. Prikl. Khim.
35, 1680 (1962).

25J. C. Gilles, Bev Hautes Temper et Refract 2, 237
(1965).

26W. Mott and E. Schonherr, Congres International de
Croissance Cristalline, Marseille, 137 (1971).

~VS. P. Gordienko, G. V. Samsonov, and V. V. Fesenko,
Buss. J. Phys. Chem. 38, 1620 {1964).

26K. Qillessen, K. -H. Schuller, and B. Struck, Mater.
Res. Bull. 12, 955 (1977).

2~0. Lagerstedt and B. Monemar, J.Appl. Phys. 45,
2266 (1974).

3 B.Monemar and O. Lagerstedt (unpublished).
3~For technical reasons, a few possible contaminants,

such as 0 and Cl, could not be included in the SIMS
evaluations; the total defect concentrations could there
fore be slightly larger than 20 ppm.

~ M. Demianiuk, J. ZmiIa, C, Matyja, J. Pelizsek, andJ. Janko, Sov. Phys. Crystallogr. 19, 238 (1974).
33M. Linden, E. Ejder, and R. Hel. lborg, Phys. Status

Solidi A 45, K167 (1978).
34J. I. Pankove, J. Lumin. 7, 114 (1973).
~ B. Monemar, O. Lagerstedt, and H. P. Gislason (un-

published) .
36B. Monemar, H. P. Gislason, and O. Lagerstedt (un-

published) .
37G. Jacob, M. Boulou, and M. Furtado, J. Cryst.

Growth 42, 136 (1977).
B.J. Isherwood and C. A. Wallace, J. Appl. Crystal-
logr. 3, 66 (1970).

3~J. F. C. Baker, M. Hart, M. A. Halliwell, and R-. Heck
ingbottom, Sol.id State Electron. 19, 331 (1976).
R. Heckingbottom, M. A. Halliwell, J. F. C. Baker,
and M. Hart, Solid State Electron. 19, 335 (1976).

. G. Celotti, D. Nobili, and P. Ostoja, J. Mater. Sci.
9, 821 (1974).

42D. L. Bode, B. L. Brown, and M. A. Afromowitz, J.
Cryst. Growth 30, 299 (1975).

4~G. A, Slack, J. Phys. Chem. Solids 34, 321 (1973).
44K. Kawabe, R. H. Tredgold, and Y. Inuishi, Electr.

Eg.g. Jpn. 87, 62 (1967).
4 J.A. Van Vechten, J. Electrochem. Soc. 122, 419

(1975); 122, 423 (1975).
46S. Y. Chiang and G. L. Pearson, J. Appl. Phys. 46,

2986 (1975).
47B. Monemar, Phys. Rev. B 10, 676 (1974).
J. I. Pankove, J. E.Berkeyheiser, and E. A. Miller,J. Appl. Phys. 45, 1280 (1974).

4~Y. Morimoto, J. Electrochem. Soc. 121, 1383 (1974).
~OL. Vegard, Z. Phys. 5, 17 (1921).
5 J.A. Van Vechten and J. C. Phillips, Phys. Bev. B 2,

2160 (1970).
J.A. Van Vechten, Phys. Bev. B 7, 1479 (1973).

53P. D. Greene, Solid State Commun. 21, 827 (1977).
54J. I. Pankove and J.E. Berkeyheiser, J. Appl. Phys.

45, 3892 (1.974).
5~P. Lawaetz, Phys. Bev. B 5, 4039 (1972).
' W. Seifert andA. Tempel, Kristall. Tech. 9, 1213 (1974).




