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Electron-spin-resonance (ESR) measurements have been performed on a series of wurtzite GaN films
grown on sapphire substrates by low-pressure metal-organic chemical-vapor deposition. The sample set
included films grown with both AIN and GaN buffer layers. The ESR signal results from residual
donors with g;=1.9510 and g, =1.9483. The g value and the effective mass can be explained using a
five-band k-p model. Nuclear hyperfine interactions are observed as a shift in the central resonance po-
sition, due to the Overhauser effect from which the density of the wave function at the Ga nucleus is de-
rived. The ESR lines all have quite a sharp Lorentzian shape due to motional narrowing. At low tem-
peratures (T" <20 K) the linewidth narrows with increasing temperature, consistent with electrons hop-
ping from donor site to donor site. At higher temperatures the line broadens due to electron-phonon in-
teractions. The concentration of uncompensated donors is independent of film thickness for GaN
buffered films but increases monotonically with thickness for AIN buffered films, probably due to a de-
crease in the concentration of compensating centers. Photoluminescence measurements indicate that
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only the thickest films are homogeneous along the growth direction.

I. INTRODUCTION

Recent developments in heteroepitaxy have led to
significant advances in single-crystal thin films of
wurtzite-phase GaN grown on several different sub-
strates, the most common being the basal plane of sap-
phire.!”™> These films are generally n type with carrier
concentrations between 10!° and 10'° cm ™3, although in-
sulating and p-type films have recently been reported.®’
The residual donor has not been positively identified, and
N vacancies®® and residual oxygen'® have been proposed
as possibilities. Many of the arguments used for these
proposed donor identifications were based on the growth
kinetics and chemical analysis of lower quality material
which had been grown before higher purity source gases
and advanced techniques became commonplace, and
which typically had carrier concentrations in the range of
10" cm™3. It is not clear how applicable those argu-
ments are to current materials with carrier concentra-
tions of 10'*~10'7 cm 3. In this work we focus on n-type
(unintentionally doped) films with carrier densities
<2X 107 cm™3. All samples were of the wurtzite poly-
type, which is the thermodynamically stable phase used
in most previous studies. Electron-spin-resonance (ESR)
measurements were performed on a series of different
thicknesses of GaN films grown on sapphire substrates by
low-pressure metal-organic chemical-vapor deposition.
In particular, we examine a set of eight such films grown
with either AIN or GaN buffer layers, and discuss the
ESR signal resulting from residual donors.!">!? Similar in-
sulating films were also examined, but the resonance dis-
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cussed in this work was only observed in the n-type sam-
ples and can, therefore, be associated with excess residual
donors.

The association of the resonance with an impurity
band of donors is briefly discussed in Sec. II. Detailed re-
sults of the experimental measurements are then divided
into three sections which discuss the position of the reso-
nance and its relationship to the band structure of GaN,
the temperature dependence of the resonance position
and the linewidths, and the dependence and homogeneity
of the concentration of uncompensated donors on buffer
layer and film thickness. Each of these results is dis-
cussed in detail in the separate sections, and then a brief
summary of the results is given in Sec. VI.

II. EXPERIMENT

The ESR measurements were performed in a Bruker
300ESP X-band (9.5 GHz) spectrometer equipped with a
liquid-helium flow cryostat for temperature control.
Typically the range of temperatures for the measure-
ments was 2—50 K. There is a background signal due to
transition metals in the sapphire substrates;'® however,
those lines saturate at low microwave powers (unlike the
GaN donor line) and have a sharp angular dependence.
Thus the donor line is readily separated by carefully
aligning the samples and by saturating the substrate lines.
The growth of the samples has been previously discussed’
and these specific samples are the same ones used in the
work of Ref. 11. Hall measurements of carrier concen-
tration were performed on each sample at 77 and 300 K.
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Results of those measurements are included in Table I,
along with other sample characteristics. Low-
temperature (6 K) photoluminescence measurements
were performed on each sample using the 3.53 eV line of
an argon-ion laser for excitation. Those results and their
relationship to the question of film homogeneity will be
briefly discussed in Sec. V, with a more complete presen-
tation being the subject of a forthcoming paper.

In Fig. 1 we show a narrow portion of the ESR spec-
trum for a 3.1-um GaN film with a 25-nm-thick GaN
buffer layer. The position of the resonance is
B,=hv/gB—B,, where v is the resonant frequency, S is
the Bohr magneton, g is the Landé g value, and B, is due
to the effects of residual nuclear hyperfine interactions as
discussed below. A sharp Lorentzian resonance line
(AB=~5G at 4.2 K) is observed at g;=1.9510 in all n-type
samples and, as shown in the inset to Fig. 1, there is a
slight anisotropy with the c direction as the principal axis
and g, =1.9483. The orientation dependence of the g
value is fit by (g} cos’©+g1sin’0)'/?, where © is the an-
gle between the ¢ axis and the magnetic field. The degree
of anisotropy (g, —g,) and the average g value are similar
to those observed for donors in ZnO,'** a semiconduc-
tor whose band structure is similar to that of GaN. Also
included in Fig. 1 is a spectrum for the bare sapphire sub-
strate which does not show this signal. This Lorentzian
line is the only resonance which is clearly attributable to
the GaN film and not to the sapphire substrate.

A number of factors support the association of the
sharp resonance in Fig. 1 with donors in an impurity
band. The average g value is near 2, as expected for
donors or conduction electrons in a wide-band-gap semi-
conductor such as GaN, and the slight anisotropy is con-
sistent with the hexagonal symmetry. The linewidth is
much sharper than that for isolated centers in III-V semi-
conductors whose resonances are broadened by residual
hyperfine interactions with the lattice nuclei.'® In all of
the samples used for this study the linewidth of this reso-
nance narrows with increasing temperature up to
T=T in>» due to exchange or motional averaging of the
residual hyperfine broadening. A conduction-band ESR
would not show this line narrowing; however, this is con-
sistent with a resonance due to an impurity donor band
for which the averaging interaction (and narrowing) in-
creases with increasing temperature. Finally, the signal is
not easily saturated by microwave power, consistent with

TABLE I. The properties of GaN thin films used in this
study.

Thickness n(77 K) n(300 K) ESR density
Sample Buffer (um) (cm™3) (cm™?) (cm™3)

1 AIN 0.5 7.1X10% 2.6X10'7 2.4X10%
2 AIN 3.3 3.6X10' 1.2Xx107  4.0X10'
3 AIN 6.25 3.7X10% 1.6x10"7 8.2x10'
4 AIN 10.6 7.0X10% 2.4x107 1.2x10"
5 GaN 0.5 3.4X10% 2.1x107 6.0Xx10'
6 GaN 3.1 2.3X10% 1.1x10"7  5.8X10'
7 GaN 7.0 2.4X10' 1.1Xx107 4.4X10'
8 GaN 9.3 2.8X10% 1.3x107 5.9%10'
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FIG. 1. The ESR signal due to excess donors in a GaN. The
signal due to the substrate is included for comparison. The inset
gives the angular dependence (with respect to the c axis) of the
donor resonance.

a delocalized center rather than a localized one. To sum-
marize the identification of the resonance: the g value in-
dicates a resonance due to electrons in the conduction
band or in a shallow donor level; the line shape and the
temperature and microwave power dependencies of the
linewidth are consistent with a donor band rather than
isolated donors or electrons actually in the conduction
band.

III. THE CONDUCTION-BAND g VALUE

The g value of the conduction band, g, and its effective
mass m * (in the following we discuss only average values)
for a range of semiconductors can be explained using a
five-band k-p model!” in which

A Al
3|1=8 |=p2 | 204220 (1)
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m 2
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m* E() (EO—EO)

This takes into account the interaction of the I'; conduc-
tion band with the spin-orbit split I'¢ valence and con-
duction bands. The matrix elements coupling the I'; con-
duction band and these two bands are P2 and A2P?, re-
spectively. The band separations and their spin-orbit
splitting are defined schematically in Fig. 2. The free-
electron g value and mass are g, (2.0023) and m, respec-
tively. For a wide-band-gap material such as GaN, the
spin-orbit splittings are much smaller than the energy
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FIG. 2. The energy bands involved in the five-band k-p cal-
culation of the conduction-band g value and the electron
effective mass. The energy spacings and band curvatures are
not to scale.

gaps, and so they have been neglected in the energy
denominators. The first term in the equation for g, (due
to the interaction with the valence band) dominates for
many direct-gap semiconductors; however, this is not the
case for GaN. The spin-orbit splitting of the valence
band is due primarily to the anion (N) and is only 0.011
eV for GaN,!® while that of the higher conduction band
is due primarily to the cation (Ga) and might be expected
to be comparable to that measured for other Ga com-
pounds, e.g., 0.2 eV for GaAs.!° Even though the second
energy denominator (E,—E,)? is larger than the first,
E3}, the second term in the equation for g, is then the
larger of the two in the case of GaN. The two equations
have a total of eight parameters; some are well estab-
lished, some have experimental values with significant
uncertainties, and others have no experimental values at
all. The band gap, E,,?° and, with present work, g,
clearly fit in the first group of well-established parame-
ters; the uncertainty in either is less than 0.1%, which is
insignificant compared to that of the other parameters.
The conduction-band effective mass, which has been cal-
culated from the infrared absorption due to free car-
riers,”! is 0.2m(+10%. The valence-band spin-orbit
splitting is measured to be 113 meV!® and E is mea-
sured to be 8.5+£0.2 eV (Ref. 22) from UV reflectivity
measurements. This leaves three parameters which are
unknown: the matrix elements coupling the conduction
band with the valence band, with the higher conduction
band, and with the spin-orbit splitting of the I'g conduc-
tion band. Using Egs. (1) and (2) we can then relate two
of these parameters as is shown in Fig. 3. Calculations on
other III-V compounds which give accurate values for g,
and m* yield between 15 and 30 eV for P27 with the
more ionic compounds having somewhat lower values;
we can then set limits of 10<P2<30 eV. The ratio of
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FIG. 3. The calculated spin-orbit interaction Ag as a function
of A% The dashed lines indicate the ranges 0.3 > Ay>0.1 eV and
0.6>A2>0.2, the points mark integer values of P2 along the
curve, and the shading approximates uncertainties due to the
parameters in Egs. (1) and (2).

matrix elements AZ is estimated to be on the order of
0.4, although that is based on more covalent semicon-
ductors such as GaAs, and so a prudent range may be
0.2 <A%<0.6.2* As mentioned above, the spin-orbit split-
ting of the I'y conduction band is primarily determined
by the cation and therefore based on other Ga com-
pounds, 0.1 <A;<0.3 eV. These ranges are shown in
Fig. 3 and their interactions further reduce these ranges
of the parameter values to 17<P?<23 eV,
0.46 <A?<0.60, and 0.1 <Ay<0.3 eV. The matrix ele-
ment P? can be crudely related to the effective masses of
the valence bands,!” and when experimental or theoreti-
cal values for those are available that will provide a fur-
ther check on the parameters derived from the ESR mea-
surements. As previously mentioned, we have only used
an average value of g, since the anisotropy of the effective
mass has not been measured. When those results become
available, we may be able to use the k-p calculations to
compare the anisotropies in the g and effective-mass ten-
sors.

IV. LINE SHIFTS AND LINEWIDTHS

While the nuclear hyperfine interactions cannot be
directly resolved, they manifest themselves as a shift in
the central resonance position, due to the Overhauser
effect. This effect has been observed in other III-V semi-
conductors.?> 2" The shift in the resonance is given by

B,=—4«1,), 3)
8cMUp

where the hyperfine interaction is

A=%pqupy, AlW0)|* . )
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pp is the Bohr magneton, v, is the nuclear gyromagnetic
ratio, W(0) is the value of the wave function at lattice site,
and the ensemble average of the nuclear polarization is
given by
+
(1)~ #iy, (I +1)B 5)
3kT

for each lattice nucleus. Since ®®Ga and 7'Ga both have
I=2, we use a simple weighted average of the y,’s for
the two isotopes of Ga. The larger gyromagnetic ratios
and spin of Ga indicate that the hyperfine interaction
with the Ga nuclei should dominate and that to a first ap-
proximation the effects of the nitrogen nuclei may be
neglected. We see from the above equations that the
shift in the resonance position is proportional to B /T. In
Fig. 4 we plot the observed resonance position as a func-
tion of inverse temperature, and from the intercept deter-
mine the resonance position in the absence of nuclear
effects. This is B, which is used to determine the g value
of the conduction band. From the slope and Eq. (4) we
then calculate

|¥(Ga)|?~1.8X10% cm 3 .

This is 2-3 times larger than has been found for In in
InSb (Ref. 25) or InP,% and may be indicative of the elec-
trons being more localized around lattice nuclei due both
to the more ionic character of GaN and to the impurity
banding. We emphasize that although the shift is pri-
marily due to the interaction with the Ga nuclei, that is
primarily due to the factor y2I(I +1) being about 25
times larger for Ga than for N, rather than because the
electrons are so much more localized around the Ga
atoms. Similarly, in the case of InP the effect of the In is
also much stronger (because I =2 for In and I =1 for P)
but the electrons are only about twice as localized around
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FIG. 4. The position of the donor resonance as a function of
inverse temperature. The intercept is By, the position of the
resonance without nuclear effects, which is used to determine
the g value, while the slope is used to measure the nuclear
hyperfine effects. The results shown are for sample 8.
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the In as around the P nuclei.?’ If a similar ratio were
true for GaN, then the nuclear shift due to the N nuclei
would only be about 2% of the total.

For all of the samples used in this work a minimum in
the linewidth as a function of temperature is observed. In
most films the temperature of the minimum is ~20-30
K, while in some cases it is as low as ~4—6 K. This gen-
eral behavior is due to the competition between narrow-
ing due to averaging of the residual hyperfine interactions
at low temperatures (T <T,;,) and broadening due to
electron-phonon interactions above T ;,. In Figs. 5 and
6 we plot the linewidths of the donor ESR line for several
representative samples. The data are identical for the two
figures. In Fig. 5 the linewidth is plotted against inverse
temperature to emphasize the low-temperature behavior,
while in Fig. 6 the linewidths are plotted versus tempera-
ture to emphasize the behavior for 7> T ;..

A decrease in linewidth with increasing temperature
has been observed for donors in other semiconductors,
e.g., P in Si,?®?° As in Ge,*® O vacancies in ZnO,'* and
residual donors in InSb.>° These effects are attributed to
an averaging of nuclear hyperfine interactions either
through exchange interactions or through motion of the
electrons from donor site to donor site in an impurity
band. An increase in the exchange narrowing of the
donor resonance with increasing temperature is attribut-
ed either to an increase in the conduction electron con-
centration and an increase in the interaction of the donor
electrons with those electrons, or to an increase in the in-
teraction between donor electrons as those become delo-
calized. Either is observed in a temperature regime
where donors are becoming activated. In the present
work, the narrowing is observed in the lowest-
temperature regime (7" <20 K in all cases) where the con-
centration of conduction electrons is constant but the
donor electrons are already interacting. Therefore, we
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FIG. 5. The linewidths of several samples (2, 4, 6, and 8) as a
function of reciprocal temperature. The dashed lines merely
connect the points.
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FIG. 6. The linewidths of the same samples, shown in Fig. 5,
as a funtion of temperature. The bold line is a T°/2 fit to the
combined data, while the dashed lines merely connect the
points.

believe that the narrowing of the ESR line is due to
motional effects rather than exchange interactions. The
motion involved is similar to that involved in impurity
band conduction,’' and one might expect a small activa-
tion energy similar to that observed for such conductivi-
ty, e.g., ~0.1—1 meV. From the data in Fig. 5 we can es-
timate activation energies of ~0.2 eV, consistent with
the idea of an electron hopping from donor site to donor
site. Of course, one must be cautious in deriving too
much from such a model, given that the linewidth
changes over a relatively small temperature range,
~2-20 K, and we are not able to confidently rule out
non-Arrhenius behavior or to determine if the linewidth
has more than one component.

At higher temperatures the linewidth increases with in-
creasing temperature due to the interaction of electrons
with acoustic phonons. In semiconductors and metals
the transverse relaxation time (the inverse of the
linewidth) of delocalized electrons is approximately equal
to the spin-lattice relaxation time T1,32 which is related
to the temperature and electron-phonon interaction by

1T (©)

T, p
Here pu; is the lattice mobility, i.e., the electron mobility
due to the electron-phonon interaction. At these low
temperatures we limit p; to the interactions with acous-
tic phonons. The lattice mobility is proportional to
T3/ and so we expect the linewidth to vary as T°/2
Furthermore, since p; is an intrinsic property of the ma-
terial there should not be appreciable sample-to-sample
variation in the magnitude of the linewidths for T'> T, .
Both of these expectations are borne out in Fig. 6, where
we see that the linewidths of different samples all follow
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approximately the same power law, and for a given tem-
perature show little variation in magnitude.

V. DONOR CONCENTRATIONS AND DISTRIBUTIONS

Finally, we consider the intensity of the ESR line (mea-
sured at 7=4.2 K) and its variation with thickness and
buffer layer. The ESR measurement determines the con-
centration of unionized uncompensated donors, while the
Hall-Vander Pauw measurements determine the number
of ionized uncompensated donors. In principle both the
300 K Hall and the low-temperature ESR measure
Np-N ,, the former measuring the number of conduction
electrons in close to full ionization and the latter the
number of neutral donors at close to complete freeze out.
In Table I we see that the two measurements do scale
reasonably well. There are, however, differences between
the absolute values of the carrier density and the ESR
density due to systematic errors in both measurements,
and what is of more concern here are the relative varia-
tions rather than the factor ~2-3 between the ESR and
Hall measurements. We note that both measurements
give much less variation in the results for the samples
with GaN buffer layers than for samples with AIN buffer
layers. The concentrations for the former are also gen-
erally somewhat lower, which is in qualitative agreement
with the results of Nakamura, Mukai, and Senoh,?> who
found superior films with GaN buffers.

For the AIN buffered films we see a monotonic increase
in the uncompensated donor density with film thickness,
whereas the films with GaN buffer layers have an almost
constant density. This is illustrated in Fig. 7, in which we
plot our ESR measurements of the concentration of ex-
cess donors as a function of film thickness. As discussed
above, the densities scale reasonably well with the carrier
concentrations measured at 300 K. We speculate that
the increase in the average spin density with thickness for
the films with AIN buffer layers has more to do with a de-
crease in the average density of compensating acceptors
than with an actual increase in the density of donors.
The origins of the acceptors may be the lattice and
thermal expansion mismatch between the AIN buffer and
the GaN film (~2.5% and ~33%, respectively!). All of
the films used in this work are much thicker than the
critical thickness for GaN on AIN, and so dislocations
near the film-buffer interface for the AIN buffered films
could be a source of deep acceptors in those materials.

This suggests that inhomogeneities along the films’
growth direction may be responsible for the thickness
dependence of the ESR intensity. To further investigate
this we have performed low-temperature photolumines-
cence with excitation (at 3.53 eV) at both the growth sur-
face and the GaN-sapphire interface. The luminescence
is primarily due to the GaN within a penetration depth
(~1 um) of the interface. A complete discussion of the
luminescence results will be the subject of a separate pa-
per. For excitation at the growth surface, the intensities
of both near-band-edge luminescence and the deep yellow
band centered at about 2.2 eV varied by ~ 3 from sample
to sample with no obvious trend. However, for excita-
tion at the GaN-sapphire interface, both bands of the



48 ELECTRON-SPIN-RESONANCE STUDIES OF DONORS IN . . .

1.5 T T T T — T T T T
,
d
3 AIN Buffer - ]
d
4 -
& 1.0 L
E /
= 0 7 1
o s’
o . 7’ B
1
=2 .
] L , ]
g .
£ LA P E
m — 7
7] Tt =t ————
w 0.5+ , ]
4
,
L , ]
'
4
i L’ GaN Buffer J
[ 74
r 1
0 — 1 1 1 1 1 A 1 i 1 1
0 5 10

Film Thickness (um)

FIG. 7. The ESR intensity for samples with GaN and AIN
buffer layers as a function of film thickness. The lines are in-
cluded as an aid to the eye.

~3-pum films showed 1-2 orders of magnitude less inten-
sity while the ~ 10-um films had essentially the same in-
tensity for excitation at either interface. This clearly in-
dicates that the thinner films are not homogeneous but
that as they grow their homogeneity improves, presum-
ably due to annealing at the growth temperature.

There appear to be two luminescence quenching
effects: compensation from acceptors (which may, in
turn, be associated with dislocations) and nonradiative
recombination centers. The former appears to be espe-
cially important in the AIN buffered samples and might
offer an explanation of why the thinnest films actually
have a lower ESR spin density than the corresponding
GaN buffered film; i.e., the thinnest AIN buffered samples
may be highly compensated. Nonradiative recombina-
tion centers also appear to play a significant role, espe-
cially in quenching the luminescence from the sapphire
side of the GaN buffered samples. Clearly, more work is
necessary to sort out the nature of structural defects in
GaN films on sapphire, their relationship to the buffer
layers, and their importance to recombination processes.
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VI. SUMMARY

We have presented a detailed discussion of our ESR
measurements on a set of eight wurtzite GaN films on
sapphire substrates. We observe a single resonance at
g,=1.9510 and g, =1.9483 due to a band of donors. The
average g value can be used with other measured parame-
ters and the standard five-band model to estimate ranges
of values for the matrix elements coupling between the I',
conduction band and the I'q valence and conduction
bands and the spin-orbit splitting of the I'y conduction
band. In general, the parameters obtained are consistent
with expectations from other III-V and II-VI semicon-
ductors.

There is a slight temperature dependence to the reso-
nance position which we attribute to residual hyperfine
interaction with lattice nuclei (primarily Ga), as has been
observed in other III-V semiconductors. We note that
slight shifts in the resonance positions with temperature
have been observed in other semiconductors whose lattice
nuclei do not have magnetic moments, e.g., Si (Ref. 33) or
ZnO.* In these cases the shifts are probably related to
the transition from isolated donor electrons to delocal-
ized electrons.

The ESR linewidths are determined by a competition
between motional averaging of residual hyperfine interac-
tions with lattice nuclei at low temperature and broaden-
ing due to electron-phonon interactions at higher temper-
atures. This qualitative model adequately explains the
minimum in the linewidths as a function of temperature
which we observe in all of our samples. The detailed
variations in the linewidth data do not seem to correlate
well with other properties of the films.

We observe that the spin density at low temperatures,
which should equal N,-N,, increases with increasing
film thickness for samples with AIN buffer layers but is
roughly constant for samples with GaN buffer layers.
We suggest that this may indicate that the interfacial re-
gion of the films with AIN buffer layers are more com-
pensated than those with GaN buffer layers. Photo-
luminescence measurements show that the thinner films
also show more inhomogeneity along the ¢ axis than do
the thicker ones. We further suggest that defects result
in nonradiative recombination centers as well as compen-
sating acceptors, and that both of these defects anneal
out as the sample grows thicker.
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