PHYSICAL REVIEW B

VOLUME 45, NUMBER 23

15 JUNE 1992-1

Quantitative study of atomic ordering in Ga, sIn, sP thin films by *!P nuclear magnetic resonance
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We use *!P nuclear-magnetic-resonance (NMR) spectra to measure the degree of cation ordering in
thin films of the semiconductor alloy Ga, sIny sP grown by organometallic vapor-phase epitaxy. We
show that the five possible Ga,In,_,P clusters in Ga,In,_,P give rise to resolved NMR lines under
magic-angle spinning, allowing a determination of the degree of cation ordering from the relative areas
of the five lines. The ordering is shown to be weak (order parameter <0.6) even in films that appear

highly ordered in transmission electron microscopy.

I. INTRODUCTION

Atomic ordering in III-V semiconductor alloys is a
widely studied phenomenon.!”” In Ga,In,_,P, evidence
from transmission electron microscopy (TEM) (Refs.
2-6) and other sources®!! indicates that the cations (Ga
and In) are not distributed randomly on the group-III
sublattice in thin films grown by organometallic vapor-
phase epitaxy (OMVPE); instead, there exist domains in
which the cations order on (111) or (111) planes.>”® Fig-
ure 1 shows random and fully ordered structures. Atom-
ic ordering is thought to result from surface thermo-
dynamic and kinetic effects involved in the film-growth
process.!®12715 It has been proposed that variations in
the degree of atomic ordering are responsible for ob-
served variations in the band gap,”!® and that the degree
of atomic ordering can be controlled by varying the
growth conditions.!%!* Although there is considerable
evidence that ordering is related to the optical properties,
with more highly ordered material having a lower band
gap, the band-gap depression predicted for a perfectly or-

FIG. 1. (a) Random and (b) fully ordered Ga, sIng sP struc-
tures.

dered alloy compared with a random alloy [0.26 eV (Ref.
17)] exceeds the largest band-gap variations observed [0.1
eV (Refs. 14 and 18)]. A clearer understanding of the ori-
gin of atomic ordering in Ga, sInj sP and of the influence
of atomic ordering on the electronic and optical proper-
ties has been hindered by the lack of quantitative experi-
mental measurements of the degree of ordering in real
films. Only one quantitative TEM study has appeared, in
which the order parameter S (defined below) is reported
to be 0.4 or less in Ga sIny sP films with unspecified band
gaps and growth conditions.® On the other hand, it has
sometimes been assumed that the ordering is complete
(S ~1) within the ordered domains that appear in TEM.?
In this paper, we demonstrate that 3'P nuclear-magnetic-
resonance (NMR) spectra, obtained with magic-angle
spinning (MAS), ° can be used to measure the degree of
cation ordering in Ga,In,_,P thin films. Our NMR
spectra of Gag sIng P films indicate that the atomic or-
dering is not strong (S <0.6) even in films that appear
highly ordered in TEM.

II. EXPERIMENTAL METHODS

Gay sIn, sP films were grown by atmospheric pressure
OMVPE using trimethylgallium, trimethylindium, and
phosphine in a hydrogen carrier gas.!* Films were 715
pm thick and 2X2 cm? The composition was measured
by double-crystal x-ray diffraction to be within 1% of the
lattice-matched composition (Gag s;sIng 485P). Carrier
concentrations were (1-5)X10'® cm™>. Band gaps were
measured from the spectral dependence of the photo-
current generated at an electrolyte-semiconductor junc-
tion. Four films were prepared, with growth conditions
that sample different regions of parameter space.'*
Growth rates were 6 um/h for samples 4, B, and D, and
3 um/h for sample C. Inlet group-V- to group-IIl-atom
ratios were 70 for 4, B, and D, and 25 for C. Growth
temperatures were 600, 670, 625, and 690°C for 4, B, C,
and D, respectively. Samples B, C, and D have low band
gaps (1.81-1.82 eV). Sample A has a relatively high
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band gap (1.88 eV). TEM measurements were carried out
on sample D as described below.

Ga, sIn, 5P films were ground to powders for *'P NMR
measurements after etching away the GaAs substrate
with aqueous NH; and H,0,. The mild procedure used
to grind the films is expected to have no effect on atomic
ordering. Sample weights ranged from 5 to 12 mg. Spec-
tra were obtained at room temperature on a Chemagnet-
ics CMX spectrometer operating at 161.7 MHz (9.39-T
field), using a home-built probe with a Doty Scientific
sample spinning assembly. 3'P spin-lattice relaxation
times (7';) were measured with the saturation-recovery
technique and were roughly 100 s. 7, was constant
across the spectrum. Transverse relaxation times (7T,)
were measured from spin-echo decays using a 90°-7-180°-7
sequence, with 7 incremented in units of the sample spin-
ning period. T, was not constant across the spectrum, as
described below.

III. RESULTS AND DISCUSSION

The potential sensitivity of >!P NMR spectra to cation
ordering arises from the dependence of the 3!'P chemical
shift (resonant frequency) on the identities of nearest
neighbors. Since a *'P atom in Ga In,_ P can have n
Ga and 4-n In nearest neighbors, we expect the *'P NMR
spectrum of Ga,In;_,P to show five lines in general.
The relative areas 4, of the lines would then be propor-
tional to the populations of Ga,In,_,P clusters in the
sample, which in turn would depend on the degree of or-
dering.?’ A partially ordered structure in which alternat-
ing {111}-type planes in the group-III sublattice have
compositions Ga, ; ,In,_, _, and Ga,_,In;_, ,, is con-
sistent with the TEM and other results. The order pa-
rameter is then defined by S =2y. Figure 1(b) shows the
extreme case of S=1 for x =0.5, while Fig. 1(a)
represents S =0. For a partially ordered alloy, the rela-
tive areas of the >'P NMR lines would be

Ap=0.5[(x —y)(x +y)*+(x +y)x —y)],
A;=0.5[(1—x +p)(x +y)P+(1—x —p)x —y)*]
+1L.5[(1—x —p)(x —y)x +y)?
+(1—x +y)x +y)x —yp)?],
A, =15[(x —y)x +y)(1—x —y)?
+(x +p)(x —p)N1—x +y)?
+(x +y)(x —p)1—x +y)?
+(1—x +p)(1—x —y)(x +p)*], (1
A4;=0.5[(x —yp)(1—x —pP+(x +y)(1—x +y)*]
+1.5[(x +y)(1—x +p)(1—x —y)?
+(x —y)1—x —y)1—x +p)*],
A,=0.5[(1—x +y)(1—x —p)}
+(1—x —y)1—x +p)*] .
In earlier 3'P NMR studies of InP, GaP, and
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Ga,In,_,P, only a single line was observed,?! ~? indicat-
ing that the 'P lines from the five types of Ga,In,_,P
clusters are too broad to be resolved from one another
and that information about cation ordering is therefore
inaccessible. However, we realized that the contributions
to the linewidths from homonuclear and heteronuclear
magnetic dipole-dipole couplings and from the anisotro-
py of the *!'P chemical shift should be averaged out in
high-field NMR by rapid MAS,! which was not em-
g)loyed in the earlier studies. The effect of MAS on the
'P NMR spectrum of a bulk, polycrystalline sample of
Gay 4Ing 4¢P is shown in Fig. 2. Assuming a random dis-
tribution of cations, as expected for a bulk sample, the
(integrated) areas under the lines are expected to be in the
ratios 0.000:0.009:0.087:0.356:0.547 (in order of decreas-
ing n). Under rapid MAS, three main lines of significant
intensity are, in fact, resolved. As is typical of MAS
spectra, there are also auxiliary lines (spinning sidebands)
separated from the main lines (center bands) by multiples
of the spinning frequency vy,s. A least-squares fit to the

-40 -120 -200 -280
ppm

FIG. 2. *'P MAS NMR spectra of bulk, polycrystalline
Gag 14Ing 6P at the indicated sample spinning frequencies. A
least-squares fit, as described in the text, is superimposed on the
spectrum at vyas=6.3 kHz. The assignment of NMR lines to
Ga,In,_,P clusters, also described in the text, is indicated.
Frequencies are in ppm with respect to 85% H;PO,, with
higher frequencies to the left.
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spectrum at vy,s=6.3 kHz, assuming three lines, yields
relative areas 0.09:0.38:0.53, in good agreement with the
ratios predicted for the three most intense lines in a ran-
dom structure with x =0.14. In the fitting procedure,
the width, center frequency, and area of each line are al-
lowed to vary. A convoluted Gaussian-Lorentzian line
shape is used, with a ratio of Lorentzian to Gaussian
broadening that is variable but the same for all lines in
the spectrum. Although the experimental spectrum at
vmas=6.3 kHz shows five lines, we fit only the three
most intense lines because the line at —205 ppm is entire-
ly a spinning sideband the the line at —85 ppm, which we
assign to n =3, is not well resolved and may contain con-
tributions from spinning sidebands (see the discussion of
assignments below).

Our results on bulk Ga,In,_,P encouraged us to at-
tempt NMR measurements on Ga,In,_,P thin films.
Figure 3 shows the 3'P NMR spectra of the four
Gay sIng 5P films. Five lines (five centerbands) are ob-
served, although the outer lines are not always

well resolved. Least-squares fits to the experimental
spectra are superimposed. In these fits, the spectra are
consist

assumed to of five lines with variable

0 -80 -160 -240
ppm

FIG. 3. *'P MAS NMR spectra of Gag sIng sP films grown
under conditions described in the text. Least-squares fits that
assume a random distribution of cations are superimposed.
vmas = 6.0, 6.0, 6.5, and 5.0 kHz for samples A4 —D, respectively.
(Assignments indicated as in Fig. 2.)
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center frequencies and linewidths, as above. The areas
of the five lines are constrained to be in the ratios
0.070:0.265:0.374:0.235:0.055, appropriate for a random
alloy with x =0.515. The fact that good fits can be ob-
tained indicates that the cation ordering is not strong in
any of the samples. More precisely, the NMR spectra
place an upper bound on S. To determine this bound, we
calculated a series of least-squares fits to the experimental
spectra with the areas of the five lines constrained to
satisfy Eq. (1) for values of S between O and 1. Figure 4(a)
shows the dependence of { 4,} on S given by Eq. (1).
Figure 4(b) shows the mean-squared deviation of the
least-squares fit as a function of S for each of the four
films, normalized to the mean-squared deviation for
S =0. The fits become markedly worse for S > 0.6, indi-
cating that S <0.6 in all four films. Figure 5 shows the
calculated least-squares fits to the experimental spectrum
of sample C for several values of S, illustrating the sensi-
tivity of the fitting procedure to the assumed value of S.
As S increases, the fitting procedure adjusts the
linewidths in such a way that the peak heights appear not
to change dramatically, even though the peak areas are
changing as shown in Fig. 4(a).

Good fits to the experimental *'P NMR spectra cannot
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FIG. 4. (a) Calculated dependence on the order parameter S
of the relative areas of the lines from the five possible
Ga,In,_,P clusters in the 3P NMR spectrum of Gag sisIng 4gsP-
(b) Mean-squared deviation of the least-squares fits to the four
spectra in Fig. 3 as a function of the assumed order parameter.
The fits become markedly worse when S is assumed to be
greater than 0.6. (4, octagon; B, square; C, triangle; D, dia-
mond.)
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0.8

0 -80 -160 -240 ppm

FIG. 5. Least-squares fits to the experimental >'P NMR spec-
trum C in Fig. 3 in which the indicated values of the order pa-
rameter S are assumed. The spectrum calculated for S§ =0.5 is
the same as the one superimposed on the experimental spectrum
Cin Fig. 3.

be obtained without allowing the linewidths of individual
resonance lines to vary independently. That this is true is
evident from the fact that the lines from the Ga,In,_,P
clusters with n =1 and 3 in Fig. 3 have significantly
different peak heights, although their areas are nearly
equal. The residual linewidths in our MAS spectra are
due to the sensitivity of the >!'P chemical shift to the iden-
tities and arrangement of next-nearest-neighbor and more
distant cations. It is apparent that the chemical shift of a
P nucleus in a Galn,P cluster is affected more strongly by
the next-nearest-neighbor and more distant cations than
the chemical shift of a P nucleus in a Ga;InP cluster,
since the n =1 line is broader. We can offer no explana-
tion for this observation.

For large S (e.g., S =0.9), the normalized mean-
squared deviations in Fig. 4(b) are different for the four
films. This difference does not in itself reflect differences
in the degree of cation ordering. It merely reflects
differences in the signal-to-noise ratios in the experimen-
tal spectra. The better the signal-to-noise ratio, the more
sensitive the mean-squared deviation of the fit will be to
the assumed value of S.

An alternative interpretation of our NMR data might
be that the ordered domains in the Ga, sIng 5P films are
fully ordered, but occupy only a small fraction ( <15%)
of the sample volume. To rule out this interpretation, we
obtained TEM data for sample D, using a Philips CM-30
microscope operating at 300 keV. Sample D was chosen
from TEM measurements because of its comparatively
small band gap and because it was grown under condi-
tions believed to lead to a high degree of cation order-
ing.!* Plan-view specimens were prepared by mechanical
polishing from the substrate side and subsequent chemi-
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cal thinning until perforation using 1% bromine in
methanol. The specimen was tilted from the [001] zone
to an orientation exhibiting superlattice reflections aris-
ing from cation ordering along both the (111) and (111)
planes. Figure 6(a) shows the electron-diffraction pat-
tern. The two superlattice networks indicating cation or-
dering along the (111) and (111) planes are labeled 4 and
B. The B variant predominates. Dark-field TEM images
[Figs. 6(b) and 6(c)] were obtained using superlattice

FIG. 6. (a) Electron-diffraction pattern of sample D. Super-
lattice reflections marked A4 and B arise from cation ordering
along (111) and (111) planes. (b) Dark-field image constructed
from superlattice reflection 4. (c) Dark-field image of the same
area constructed from superlattice reflection B.
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reflections from the two variants. The ordered domains
occupy abut 75% of the total sample volume. TEM im-
ages were not obtained for samples A4, B, and C, but ear-
lier measurements on samples grown under similar condi-
tions gave results similar to those in Fig. 6 for samples
with low band gaps.

The analysis above assumes an assignment of the 3'P
NMR lines in which the resonance from a Ga,In,_,P
cluster shifts monotonically to higher frequencies as n in-
creases. Two pieces of evidence support this assignment.
First, the areas of the lines in the spectra in Figs. 2 and 3
are consistent with this assignment, i.e., good fits to the
experimental spectra are obtained. Second, we find that
T, increases monotonically with increasing frequency
across the spectrum, for both GajsInysP and
Gay 14Ing gP. For GagsIng sP (sample A), T, ranges
from 2.7 to 5.4 ms at vjy4,s=6.0 kHz as n goes from 0O to
4; for Gag 14Ing g¢P, T, ranges from 1.2 to 1.8 ms at
Vmas = 5.0 kHz as n goes from 0 to 2. We may expect T,
in a spin-echo measurement to increase as n decreases be-
cause the In isotopes (spin Z, 4.3% abundance, y =9.30
MHz/T for '"*In; spin %, 95.7% abundance, y =9.33
MHz/T for 'In) have larger magnetic moments than
the Ga isotopes (spin 2, 60.4% abundance, y =10.22
MHz/T for ®Ga; spin 2, 39.6% abundance, y =12.98
MHz/T for 'Ga). Spin diffusion among In nuclei should
then be more rapid than spin diffusion among Ga nuclei.
Rapid spin diffusion would prevent the phophorus-
indium dipole-dipole couplings from being averaged out
efficiently by MAS and refocused by the spin-echo se-
quence, leading to a shorter T, for 3!P spins that are cou-
pled to more In spins.?* An !'In spin-lattice relaxation
rate that is on the order of the sample spinning rate
would also result in a shorter T, for *'P spins with more
In neighbors.

The value of the *'P chemical shift for a particular
Ga,In,_,P cluster apparently depends on x, the
stoichiometry of the material. For a given n, the shift in
GagsInysP is about 30 ppm less than that in
Gag 14Iny gP. On the other hand, the relative shifts for
the various clusters appear to be largely independent of x,
with the shift increasing by roughly 30 ppm for each unit
increase of n in both Gag sIny ;P and Gagy 4Ing 4¢P (see
Figs. 2 and 3). We have also examined the *'P NMR
spectra of bulk GaP and InP. Under rapid MAS, GaP
exhibits a sharp (4 ppm wide at vy;,5=3.5 kHz) line cen-
tered at — 142 ppm, while InP exhibits a much broader
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(19 ppm wide at vy,s=4.6 kHz) line centered at —148
ppm. These resonance positions do not agree well with
the shifts of n =4 (for GaP) and n =0 (for InP) clusters in
either Gag sIng sP or Gagy 4Ing 3P samples, supporting
our observation that the value of the *'P chemical shift
for a particular cluster depends on the stoichiometry.
The pronounced difference in the linewidths for GaP and
InP also supports our contention that the 3'P lines with
the smaller T, values in the MAS spectra of Ga,In,_,P
arise from P atoms with more In neighbors.

IV. CONCLUSIONS

We have shown that it is possible to determine the rela-
tive populations of Ga,In,_,P clusters in Ga,In,_,P,
and hence the degree of cation ordering, from 3'P NMR
spectra obtained with magic-angle spinning. Our spectra
of Gag 5Ing 5P thin films indicate that the order parame-
ter that characterizes the degree of cation ordering has a
value S =0.6 in samples grown under a variety of condi-
tions and with a range of band gaps, including samples
that appear highly ordered in TEM images. This result
places a constraint on any proposed mechanism for cat-
ion ordering in Ga, sIn, sP films. The difference between
experimentally measured band-gap variations'*!® and the
band-gap depression predicted to result from complete
cation ordering!” is likely to be attributable to incomplete
ordering in the real films.

The experiments described above represent an initial
application of MAS NMR to the study of the structure of
a semiconductor alloy thin film. The fact that we obtain
resolved resonances in the *'P NMR spectra that can be
assigned to particular Ga,In,_,P clusters with less ambi-
guity than was possible in analogous earlier NMR studies
of bulk II-VI semiconductor alloys®® indicates that
Ga,In,_ P is a material that is particularly well suited to
NMR studies of cation ordering. 3'P NMR may also be a
useful probe of ordering in related ternary and quater-
nary phosphide alloy films.
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FIG. 6. (a) Electron-diffraction pattern of sample D. Super-
lattice reflections marked A and B arise from cation ordering
along (111) and (1T1) planes. (b) Dark-field image constructed
from superlattice reflection 4. (c) Dark-field image of the same
area constructed from superlattice reflection B.



