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Reflectance difference spectroscopy (RDS) is applied to the study of optical anisotropy in
spontaneously ordered GalnP grown by metalorganic chemical-vapor deposition. The degree of
ordering in GalnP has been associated previously with a shift of the band-gap energy AE,,, and a
crystal-field valence-band splitting A.. Theoretically and experimentally, both quantities are
approximately proportional to the square of the order parameter, which varies from 0 to 1 for
disordered and perfectly ordered GalnP, respectively. In this study, we examined a number of GalnP
layers grown under conditions that yield a wide range of band-gap energies. The main spectral
feature in all samples is a bulk-related, asymmetric peak at £, with a long tail that extends well
below E, and a sharp, high-energy cutoff at Ey+ A . The intensity of this peak is proportional to
VAFE, and is therefore linear with the order parameter. By annealing GalnP in PHy/H, mixtures, we
find that the RD spectral features for energies between E,+ A~ and 3 eV are mainly surface induced.
Evidence for a bulk-related RDS peak at £, is also found.

I. INTRODUCTION

Spontaneous atomic-scale ordering in Gay s,Ing 4P (here-
after referred to as GalnP) grown by metal-organic chemical-
vapor deposition (MOCVD) has attracted considerable atten-
tion in recent years.'”> The degree of ordering is defined
such that for n=1, the completely ordered GalnP is com-
posed of alternating {111} planes of GaP and InP. For 5<1,
the alternating planes are composed of Gags, nIngs_ 0P
and Gays ,0In 5. P Associated with the ordering are two
major electronic features: (1) the band gap E| is reduced by
more than 100 meV.>” and (2) at the I’ point, the valence-
band maximum, which is fourfold degenerate in disordered
GalnP. is split with an energy ditference A 2 Theoretically,
the ordering-induced shift of the band gap™® (AE,) and A’
are related to the degree of ordering in GalnP. In previous
work, photoluminescence (PL),*'*!" photoluminescence ex-
citation (PLE).'"'*  and piezomodulated reflectance
(PZR)'*' were used to measure AE, and A..
Experimentally.'* it is found that A is effectively propor-
tional to AFE,, which implies that, to first order, both are
proportional to %°. Therefore, for samples with weak order-
ing (7<<0.2), observation of the ordering in GalnP becomes
very difficult. The maximum observed A, (at 15 K) is 31
meV for ordered GalnP with E,=1.88 eV (AE;,=0.12¢V)."

In this article, we use reflectance difference spectroscopy
(RDS) to examine GalnP epilayers grown under conditions
that yield a wide range of band-gap energies. RDS measures
the anisotropy of optical reflectance, and heretofore, was
used to study the anisotropic surface reconstruction of II1-V
materials with isotropic bulk properties.'> For ordered GalnP,
bulk anisotropic electronic'® and optical properties”!%~'*
were observed previously. So we expect RDS to measure
both the surface and bulk anisotropic optical features of
GalnP. In the following sections, we show that the main
spectral feature in all MOCVD-grown samples is a bulk-
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related, asymmetric peak at E, with a high-energy tail that
includes A and a peak intensity that varies with JAE,,. This
means that the RDS peak intensity at E is linear with %,
which makes RDS particularly useful for detecting small de-
grees of ordering in GalnP. We also calculate #=-RDS line
shape and intensity of an ordered alloy using the. Luttinger
model.'” The calculation represents well the main RD spec-
tral feature at E,. Additional experiments show that the
strong RD spectral features at energies greater that £, are
surface related.

Il. EXPERIMENTAL DETAILS

A schematic of the in situ RDS/MOCVD setup is shown
in Fig. 1. A detailed description of the RDS technique can be
found in the work of Aspnes ef al.'” In this study, RDS mea-
sures the difference between the reflectance of light polarized
along [110] and [110]. The incident light is S polarized and
parallel to the [010] direction of the sample. The angle of
incidence is 11£1° for the ex situ measurements and less
than 5° for the in situ setup. To eliminate base line artifacts
due to optical component anisotropy, we first measure
(Ryj¢o— R 1o TAR,) and then rotate the sample by 90° and
measure (R, —R,joTARp), where R|j, and R, are re-
flectance of the light polarized along [110] and [110], respec-
tively, and AR is the base line. One half the difference of
these two measurements eliminates AR,. This procedure
also checks the reproducibility of the measured spectra,
which is particularly important for small RDS signals. To
eliminate the contribution to the baseline of wobble during
the sample-stage rotation, a He—Ne laser is used to monitor
and reposition the sample if necessary. The setup is capable
of correcting sample tilt with a precision of 1 arcmin. We
find that the base line of the RD spectrum changes by less
smaller than 1.0X10 % if the tilt is less than 2 arcmin. The
sensitivity of our RDS system is about 1xX 1077,
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FiG. 1. Schematic arrangement of the in situ RDS/MOCVD experimental
setup.

For in situ measurements, we use the apparatus shown in
Fig. 1 to measure the RD spectrum of a sample at a given
temperature and in an atmosphere other than air (e.g., N,,
H,, or H,+PHj;).

All ex situ RDS measurements are performed in air at
room temperature with no special sample preparation per-
formed before the measurement. Most of the samples have
been stored in the air for periods of days to months. Immers-
ing the samples in a 10% HCI:H,O solution for 5 min before
a measurement has virtually no effect on the RD spectrum of
a given sample, and the spectrum of a freshly grown sample
is essentially the same as that for the sample after “aging.”

Most of the samples were grown by atmospheric-pressure
MOCVD using various growth conditions to effect changes
in the degree of order and optical properties of the alloy.'®
The general growth information for the MOCVD samples
can be found elsewhere.'® For comparison, we also examined
a single GalnP sample grown by liquid-phase epitaxy (LPE).
This sample has a “normal” band gap of 1.92 eV at room
temperature and exhibits no evidence of ordering.

All samples were grown on vicinal (001) GaAs substrates.
The degree of ordering and the optical properties of GalnP
are also functions of the substrate tilt or misorientation from
the (001) plane.'o'”‘]9 The amount of substrate tilt is noted
for each sample with X°B indicating a misorientation of X°
from the (001) plane toward the (111)B plane.

ll. RESULTS

In Fig. 2 we compare the RD intensity [measured as
2(Ryio—R | 10)/(R io+R,10)] as a function of photon energy
for samples representative of moderately ordered (low E,),
weakly ordered, and disordered (high, “normal” E,) GalnP.
The existence (or absence) of ordering has been verified by
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FiG. 2. RD spectra for (a) low band-gap (E;=1.79 eV) GalnP. (b) weakly
ordered, high band-gap (E,=1.90) GalnP, and (c) LPE-grown, disordered
high band-gap GalnP.

other techniques, such as transmission electron diffraction.
We observe at least four spectral signatures for the most
ordered GalnP samples, but only one for the disordered
samples. For the most ordered sample [Fig. 2(a)], the four
features include (1) a sharp, negative, and asymmetrical peak
at the band-gap energy, (2) a broad and positive spectral
feature extending from approximately E, to 2.2 eV, (3) a
negative, but very small peak at around 2.35 eV, and (4) a
negative, broad peak at around 3.0 eV. For the disordered,
LPE-grown sample [Fig. 2(c)], the sharp peak near the band
gap (1.92 eV) is absent. The only clear feature in the RD
spectrum of the disordered sample is a very broad peak that
begins around 2.2 eV and supposedly peaks somewhere be-
yond the spectral range of the RD instrument. This feature is
presumably from the surface, and. interestingly, is also seen
in the weakly ordered sample [Fig. 2(b)]. Below 2.1 eV, the
RD spectrum of the weakly ordered sample also shows fea-
tures similar to that of the most ordered sample—most nota-
bly, a sharp, negative peak near E;.

It is reasonable to expect that the peak RDS intensity at
Ey, (AR/R)g,, varies with the degree of order in the GalnP.
Because AE, is basically proportional to 77.%° the relation
between (AR/R)g, and 7 can be explored by plotting
(AR/R)g, as a function of AE,, where AE,, is obtained by
subtracting the measured band-gap energy from 1.92 eV (the
room-temperature band-gap energy for disordered GalnP).
Doing so for a series of samples, we find that (AR/R)g, is
approximately linear with JAE, (or 7), as shown in Fig.
3(a). This result is particularly important when 7 in GalnP is
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FiG. 3. (a) Plot of RDS intensity at Ey vs (AE. Solid dots are measured
data and dashed line is a linear fit to the data. (b) and (¢} are plots of Ay vs
E,. In (b} A is estimated from fits to RD line shapes for a series of GalnP
samples with a range of band gaps. Dots are estimated data and the dashed
line is a linear fit to the data. In {¢) A vs £y measured at 15 K by Alonso
et al. (Ref. 13) using piezomodulated photoreflectance compared with
theory of Wei ¢t al. (Ref. 9} using the parameters specified in the box. The
value of E; for disordered GalnP is taken from Liedenbaum er al. (Ref. 26)
and Delong er al. (Ref. 27). The relationship between the term A, used in
this article and the term Ag; used by Wei eral (Ref. 3) is Ac
l;)r]’A( ;. for p<€l and Ag=Ay,,.

small. As mentioned previously, when 77<¢1, the magnitudes
of AE, and A, which are both proportional to 7, become
comparable to the measurement uncertainty. Such is the case
for the sample of Fig. 2(b): experimentally AE,=20+10
meV and theoretically, A-=8+4 meV,” yet we measure a

J. Vac. Sci. Technol. B, Vol. 12, No. 4, Jul/Aug 1994

2554

very clear signal which is distinctively different from the
spectrum of the disordered LPE sample.

IV. DISCUSSION
A. Theory

In this section, we calculate the reflectance difference for
the light polarized along [110] and [110] as a function of
energy for a material exhibiting an anisotropic splitting A of
the valence-band maximum. The reflectance of light with
polarization « can be expressed in terms of the refraction
coefficient n, and the extinction coefficient &, as

1)2+k2

_Mem V) TR I
Ra (n,+ 1) +k; (M

The calculation of reflectance as a function of photon energy
requires information about the anisotropic valence-band
structures and the corresponding wave functions, which are
then used tor calcu]ating ko

k(.<w>~ ZIM k2o ho—(Ex—EL)l. ()

n”o

Here  is the frequency of light; Ex and £, are energies of
the conduction and valence bands; m, is the free-electron
mass; nq is the refraction index in the absence of ordering:
index u={/,.l,.,h,.h,} numerates two pairs, “/” as light
holeﬂ and “A" as heavy holes, of the valence bands; and

#K is the matrix element for the momentum operator pro-
jected along «, P,=—ifi d/dx,, taken between the wave
functions of the conduction and valence bands. Note that the
branches of the valence bands are degenerate in pairs:
Eyx = Ejxand £/ = E/g. From Eq. (2), using the
Kramers—Kronig relations and the Luttinger model,'” the ex-
tinction and refraction coefficients are?”

__B 4 fw—E;,—A
ka(w)‘(ﬁw)z(i\) w ¢ C
+sin® 0, (VEw—Ey,—Vhw—E,—AL) ). (3)
(w)=n __F (i Eg+Ac—thw
nlw 0 (ﬁw)2 3 VL C
+sin® 6 (VE,—fiw— VEy+Ac—fw)|, (4)

where B=[e*@2m™*)*?12hmn,lp>,. p., is the Kane matrix
element, and 6, is the angle between the polarization of light
and the ordering axis. The effective mass m* is defined®® as

2/3

. (5)

2

’n*: —

/ L 302 ; i 372
1 ( m,m; ) 1 ( m my )
2

m,+my, Vg

where m,, m;, and m, are masses of the electron, light hole,
and heavy hole, respectively. Here, we also use the conven-
tion that each of the square roots in Egs. (3) and (4) is as-
sumed to be zero when the argument is negative.
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TABLE 1. Values of parameters in Eq. (7) and (8) used to fit the RDS peak at
E, of GalnP.

¢ Eq (fi1)° Ac E
Sample [(eV) ™37 eV) (meV) (eV)
K316 0.18° 1.791 35*5 1.788
K783 0.18 1.825 26+3 1.812
K303 0.18 1.786 354 1.817
TR20 0.18 1.820 20+2 1.832
K865 0.18 1.879 25%2 1.866
TR21 0.18 1.895 15*1 1.894
K078 0.18 1.909 15+1 1.900

0.16¢

*The RDS peak position used for the fit.
®Band-gap energy measured by photoelectrochemical spectral response and
corrected for lattice mismatch (Ref. 24). This energy is also used in the plot
of Aq vs E, [Fig. 3(b)] and in calculating AE,.

“This is the value of ¢ that yielded the best line-shape fit for sample K316.
For the other samples, ¢ is fixed at this value; E,(fit} is varied to fit the peak
energy; and A is varied to fit the peak intensity.
dCalculated from the theoretical expression derived in Sec. IV A using
1y=3.5, m*~m2=0.04 m,, and [P1,/(2my)]=20 eV (Ref. 25).

For any realistic values of parameters, we should have
[n(w)—ny|<€ny. Then the differential of Eq. (1) can be sim-
plified to

(ng—1)An(w)

AR(“’)N4 (n0+l)3 5

(6)
where An(w)=n,jy—n;;9. In deriving Eq. (6), we ne-
glected terms proportional to k*(w) because k(w) is in the
order of |n(w)—ngl.

The values of sin? §, between the ordering axis [111] and
each of the directions [110], [110] are 1 and 1, respectively.
With Eqs. (4) and (6), we then obtain the RDS intensity as a
function of photon energy

AR N c
R (hw)®

Here c=88/3(nk-1).

Equations (6) and (7) account for most of the bulk physi-
cal effects described in the previous section. Using Eq. (7),
the RDS peak occurs at Aw=E and is given by

AR c
Ey Y

(VAc+Ey—how—VE,—hw). (7)

Because A, is proportional to AE,, Eq. (8) is equivalent to
the experimental result of Fig. 3(a).

The ex situ RDS spectra of a number of GalnP samples
with various band-gap energies were fitted with Eq. (7), us-
ing ¢, E, and A as fitting parameters. The fitting data are
shown in Table . The fitted value of ¢ (0.18 eV~>?) is within
10% of the calculated value of ¢ (0.16 eV™*?). The line
shape of samples K316 and K078 is shown as a dashed line
in Figs. 2(a) and 2(b), respectively.

For low band-gap samples similar to K316, the fit is very
good. The fitted values of A, (see Table I) are comparable to
those measured by PZR,'? and the line shape reproduces the
pronounced subband-gap tail observed in the RD spectra.
This tail is “predicted” by Eq. (6), which shows that the bulk
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RDS signal in the vicinity of E, is sensitive to
An(w)=n;jy—n;,, as opposed to Ak(w). This is also con-
sistent with the interference oscillations observed for
samples of intermediate thicknesses.?’

For high band-gap samples similar to K078, which are
presumably less ordered, the line-shape fit is not as good,
particularly for energies less than E. Also, the fitted value
of Ar=15 meV is about a factor of five larger than that
measured by PZR."* These discrepancies are not understood
at this time.

A plot of A, versus FE using the data from Table 1 is
shown in Fig. 3(b). A similar plot, constructed from PZR
measurements'? taken at T=15 K, is shown in Fig. 3(c).
Although there is more scatter in the RDS data, both plots
exhibit an essentially linear variation of A, with E;. This
supports our original assumption that #» is small. Also, if »
were close to 1, one expects to observe a polarized interband
transition between the spin-orbit band and the conduction
band with an energy of E,+A. However, no polarization
dependence of this transition has been observed by Alonso
et al.'* or Kanata et al.”' Although this transition is shown'?
to blueshift slightly (relative to E,) for low band-gap GalnP,
the shift rate, /A /8E,, is a factor of two lower than that
predicted by theory.” This suggests that the crystal-field/spin-
orbit coupling and % are small. This also implies that
AE,(n=1) is larger than that calculated by Wei and Zunger
(032 eV)? or Capaz and Koiller (0.13 eV).® These results
are supported by preliminary transmission electron-
diffraction results which indicate that #<0.4 for a sample
grown under conditions similar to those of the sample of Fig.
2(a). If these diffraction data are correct, then it implies that
AE (n=1)>0.75 eV.

B. Surface-induced RDS features in GainP

The peak at £, is caused by an ordering-induced splitting
of the valence-band maximum-——a bulk property. In Fig. 2,
we noted at least three other spectral features of ordered
GalnP (the positive plateau just beyond E;, and negative
“peaks” at 2.35 and 3.0 eV), and it is tempting to ascribe
these also to bulk ordering-induced transitions.”® However,
we have found that the spectral intensity for E>Eg+A( is
strongly modulated by changes in the GalnP surface. To con-
firm this point, we performed an experiment designed to
modify exclusively the surface (or near surface) of GalnP.
The results are shown in Fig. 4. Curve (1) in Fig. 4 is the
initial RDS spectrum of a partially ordered GalnP sample.
This spectrum was measured at T= 85 °C in situ, two days
after the growth of this sample. During that two days it was
stored in situ under a purge gas of supposedly oxygen-free
N, and had not been exposed to air. Nevertheless, the spec-
trum is virtually identical to that of the air-exposed sample of
Fig. 2(a). Curve (2} in Fig. 4 is the RDS spectrum of the
same sample measured in situ at T=180 °C in an atmosphere
of 1 mol % PH; in H,. This measurement was then repeated
at 300, 400 °C, etc. The time at each temperature was 20 min
or less. Curve (7) was measured at 7=85 °C in H, immedi-
ately after cooling from sequence step (6). By analogy with
GaAs, we assume that annealing GalnP in the presence of H,
and PH;, above some temperature, removes any oxides from
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the surface and yields a P-stabilized (presumably. dimerized)
surface. Comparing the spectra of sequence steps (1) and (7),
we see clearly that the peak at 2.35 eV and part of the posi-
tive plateau are definitely surface related. From this and
other experiments, we also find that (i) the 2.35 eV peak can
be quenched by exposing the surface to air at room tempera-
ture or annealing the sample in H, (with no PH;) at 400 °C,
(i1) the annealing rate in H, or PHy/H, mixtures is slow (on
the time scale of tens of minutes) at temperatures around
300 °C, and (iii) the 2.35 eV peak persists unaltered for tem-
peratures between 400 and 600 °C and PH; mole fractions
between 0.1% and 2%. Note also that the peak shift with
temperature for the £, and 2.35 eV peaks are virtually iden-
tical.

The peaks at 1.85 eV (E) and the low-energy side of the
plateau are essentially unchanged, and one therefore might
conclude that they are both bulk related. However, the posi-
tive peak on the low-energy side of plateau disappears (re-
versibly) at high temperature, suggesting that it too may be a
surface peak.

Curves (4), (5), and (6) give a different picture of the 3.0
eV “peak.” As the annealing (and measurement) temperature
is increased, we see a peak, which we label E', redshift to
energies less than 3.1 eV. This suggests that the 3.0 eV
“peak™ at 85 °C is simply an inflection between the 2.35 eV
surface peak and E'. At low temperatures, despite the fact
that only the tail of £' is visible, we can see that it appears to
be unaffected by the condition of the surface, implying that it
is bulk induced. E’ is probably related to the E| peak of
GalnP reported by Kurtz, Olson, and Kibbler using
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electroreflectance.”® They showed that the position of E; var-
ies with ordering from about 3.25 to 3.3 eV but did not
investigate the polarization dependence of this transition.
Further study of these observations is needed.

V. CONCLUSIONS

We have demonstrated that RDS is a useful nondestruc-
tive technique for studying ordering in GalnP. The main
spectral feature in all samples is a bulk-induced, asymmetric
peak at £, with a long tail that extends well below £ and a
sharp, high-energy cutoff at £,+ A, . We find that the inten-
sity of this peak is proportional to JAE, and is therefore
linear with 7. This means that RDS should be particularly
useful for measuring the optical anisotropy of weakly or-
dered ternary and quaternary alloys.

For energies between £,+ A, and 3 eV, the RD spectrum
of GalnP is mainly surface induced. A negative peak at 2.35
eV is dominant only in samples with P-stabilized surfaces
that have not been exposed to air. Exposure of the GalnP
surface to air at room temperature or H, at 400 °C quenches
the 2.35 eV peak and augments the high-energy side of a
positive feature that extends from E,+A, to about 2.2 eV.
From in situ RDS measurements at high temperature, we
also find evidence for a bulk-related RDS peak at £, .
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