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Disordered Gay s;Ing 43P-(Aly ;Gag 3)g.52Ing 4sP bulk and quantum-well epilayers, lattice matched to
GaAs substrates misoriented from (100), have been studied by low-temperature photoluminescence (PL)
and photoluminescence excitation spectroscopy (PLE). The effects of excitonic weak localization are
discussed by comparison between the PL and PLE data. Envelope-function fitting of the excitonic tran-
sitions observed in PLE has been used to determine a conduction-band discontinuity AE, of ~0.67AE,,
providing strong support for the value obtained by Liedenbaum et al. [Appl. Phys. Lett. 57, 2699

(1990)].

I. INTRODUCTION

The (Al,Ga,In)P semiconductor system offers the wid-
est direct energy gaps in the III-V alloys apart from
nitrogen-containing compounds.! This fact, combined
with the possibility of lattice matching to GaAs sub-
strates, has made (Ga,In)P-(A],Ga,In)P bulk and
quantum-well heterostructures of great interest for op-
toelectronic applications in the visible-wavelength region
below 700 nm.?

Determination of the fundamental physical parameters
of the material, particularly the band-gap energies and
heterojunction band offset, essential for optimal device
design, has however been complicated by a number of
factors. Both (Ga,In)P and (Al,Ga,In)P alloys are known
to exhibit spontaneous long-range ordering on the
group-III sublattice when deposited by the commonly
used metal-organic chemical vapor deposition MOCVD)
growth technique. The lattice-matched ternary alloy
Gag s,Ing 43P, for example, has been found to show Cu-
Pt-type ordering, taking the form of alternating GaP-InP
layers along two of the four possible {111) directions, for
growth in the range 650-700°C on (001) GaAs sub-
strates.> The ordering has the effect of lowering the band
gap. This has been explained* as arising from the dou-
bling of the unit cell in the ordered alloy. The size of the
Brillouin zone is thus halved and, as a consequence, the
electronic states at the L point are zone folded back to
the I' point, repelling the like-symmetry conduction-
band-edge I'¢, states to lower energy. The degree of or-
dering has been found to be strongly dependent upon the
exact growth conditions (temperature, growth rates,
group V/group III gas-flow ratio, and substrate orienta-
tion), resulting in a variation in the reported band gap of
up to ~135 meV (Ref. 5). In addition to possible
influence by these growth-related effects, the majority of
the attempts® !0 to determine the (Ga,In)P-(A1,Ga,In)P
heterojunction band-offset ratio have (with the exception
of Ref. 10) used the technique of low-temperature photo-
luminescence (PL), for which (i) the PL is assumed to be
intrinsic, (ii) no account is taken of any ‘“‘Stokes shift” be-
tween the PL and the dominant absorption edge, and (iii)
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only the lowest-energy exciton (el-hhl) transition is
fitted. Given these considerations, it is perhaps not
surprising that the band-offset ratio for this system is still
in dispute, with reported values of the conduction-band
discontinuity AE,, ranging from ~0.39AE, to
~0.65AE, (Refs. 5-10). Here, we report determination
of the band-offset ratio at the (Ga,In)P-(Al,Ga,In)P
heterobarrier by low-temperature photoluminescence ex-
citation spectroscopy (PLE), which avoids the complica-
tion of any Stokes shift and allows higher-lying exciton
transitions to be measured in addition to the lowest-
energy el-hhl transition. Quantum-well samples with
well widths covering the range 14 to 120 A were exam-
ined, grown under conditions chosen to minimize the
effects of alloy ordering. A conduction-band discontinui-
ty of AE,~0.67AE, is obtained by envelope-function
fitting of the observed excitonic transitions and is com-
pared to previously obtained values. Comparison be-
tween the PLE spectra and PL data has allowed the
effects of exciton localization to be studied.

II. EXPERIMENT

The Gao_521n0.48P/(A10.7Ga0.3)0'521n0_48P Samp]es, all
nominally undoped, were grown by low-pressure
MOCVD on semi-insulating GaAs substrates. Double
crystal x-ray-diffraction rocking curve data, taken at
room temperature, confirmed lattice matching of the epi-
layer to the substrate for all samples to within 0.02%.
Each sample consisted of a 0.5-um GaAs buffer, followed
by a 1-um (Al,Ga,In)P layer, then the active region of the
structure, an (Al,Ga,In)P layer of thickness either 0.1 or
1 um, and a final 0.02-um GaAs protective cap. The ac-
tive regions for the respective samples were (i) a 0.1-um
(Ga,In)P bulk layer, and (ii)-(vi) multiple quantum-well
(MQW) samples, of between 1 and 50 peri(o)ds, with nomi-
nal well widths 14, 30, 50, 75, and 120 A, respectively.
The accuracy of these well-width values is estimated to be
better than 5% as determined from growth rates and sub-
sequent transmission electron microscopy measurements
on test samples grown in the same reactor under similar
conditions.!! All MQW samples had 100-A (Al,Ga,In)P
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barriers. A constant quaternary composition of
(Aly ,Gag 3)g.5,Ing 4gP was used throughout, chosen to
give the largest direct energy gap with lattice matching to
GaAs.!

Growth was performed simultaneously on half wafers
of GaAs polished 2° and 10° respectively, off (100) to-
wards (110). All data reported here were taken on the 10°
off samples, unless otherwise noted. The growth temper-
ature was in excess of 700 °C; the results obtained for the
2° and 10° off samples are consistent® with data for other
structures in the literature grown at ~760°C. It has
been shown that spontaneous ordering in (Ga,In)P occurs
due to surface rather than bulk thermodynamic effects
during growth!? and that its influence on the energy gap
can be avoided either by using a growth temperature'®!#
well in excess of 700°C, or by using substrates appropri-
ately oriented to provide a large enough density of sur-
face steps along the ordering diagonals of the unit
cell.1%15:16 Transmission electron-diffraction studies!” on
the 10° off bulk sample showed only very faint half period
superstructure reflection spots appearing in long-
exposure [110] zone-axis measurements and none evident
in the [110] zone-axis data. This is consistent'® with the
alloy being predominantly random in nature, with residu-
al ordering at an extremely low level. Additional evi-
dence for effective elimination of ordering is given by PL
data discussed below.

Measurements were performed at 5 K, with the sam-
ples mounted in a helium flow cryostat. PL and PLE
data for the bulk sample were taken using a cw dye laser
(Rhodamine 6G) excitation source, whereas all other PL
and PLE data were obtained using a tungsten-halogen
lamp/0.22-m monochromator combination. The detec-
tion system consisted of a 0.85-m double-grating spec-
trometer, cooled GaAs photomultiplier, and photon
counting electronics. Overall spectral resolution for the
PLE measurements was 5-10 A.

III. RESULTS AND DISCUSSIONS

A. Bulk (Ga,In,)P and (Al,Ga,In)P

PL and PLE spectra for the bulk Ga, 5,Ing 43P sample
are shown in Fig. 1. The PL peak is at 1.993 eV and has
a full width at half maximum (FWHM) of 6.5 meV,
which is comparable to the narrowest reported in the
literature.>!%!* The absence of ordering in the sample is
supported by (i) the single-peaked nature of the PL and
its narrow linewidth, (ii) the high-energy position of the
PL peak (corresponding to previous reports for disor-
dered material'®!%), (iii) the absence of saturation of PL
intensity over three orders of magnitude in excitation
fluence (as shown in Fig. 2), and (iv) observation of a shift
(Fig. 2) to higher energy in the PL peak position of only 5
meV with increasing fluence over the same range (cf. Ref.
14). In addition, we have repeated the room-temperature
polarized PL measurements of Mascarenhas et al.!® for
our sample. Dye laser excitation light (625 nm) was
linearly polarized along either [001] (with a projection
along the [111] and [111] possible ordering directions in
the crystal) or [011] crystals axes (having no projection
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FIG. 1. 5-K PL and PLE spectra for bulk (Ga,In)P with ex-
panded PL phonon replica inset, and decomposition of PLE
spectrum into excitonic and continuum absorption components
indicated.

along the possible ordering directions). No significant en-
ergy shift was observed (Fig. 3) between polarized PL
detected either parallel or perpendicular to the excitation
polarization in either case, providing further evidence!®
of the disordered nature of the (Ga,In)P.

Returning to Fig. 1, the peak of the fundamental exci-
ton in the PLE spectrum is observable at 2.01 eV, and
just discernible to higher energy is the onset of the con-
tinuum absorption. By assuming a symmetrical form for
the exciton peak and subtracting this graphically from
the measured PLE data, the form of the continuum ab-
sorption edge can be obtained, as shown in the figure.
From this, we can deduce the binding energy of the free
exciton in bulk Gag sIng 4P to be ~8.1 meV. This
agrees well with a previous determination'® and is con-
sistent with the value calculated using the standard hy-
drogenic model,'® with the effective masses being those
used to provide fitting in the envelope-function calcula-
tions (see Table I), and a dielectric constant of 11.75¢,
obtained by linear interpolation between the two binaries.
Taking the exciton binding energy into account, the 5-K
band gap or disordered, lattice-matched (Ga,In)P is
determined to be 2.018 eV.

The PL is believed to be of an intrinsic nature in the
sense of not being due to impurities in the sample, with

log,, (PL)
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FIG. 2. Log plot of the fluence dependence of the 5-K PL
from bulk (Ga,In)P. Spot size (FWHM intensity) ~ 100 um.
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FIG. 3. Room-temperature polarized PL measurement with
detection parallel and perpendicular to the excitation light for
(a) excitation polarized parallel to [011] and (b) excitation polar-
ized parallel to [0T1].

the observed Stokes shift of ~17 meV between the PL
and exciton peaks being ascribed to localization of exci-
tons at potential minima caused by ““alloy disorder” com-
positional variations in the layer. Evidence supporting
this assertion comes from the lack of alloy ordering and
the following data. PL and PLE measurements were per-
formed as a function of temperature in the range 5-120
K (Fig. 4). Up to ~60 K, the PLE peak stays essentially
fixed in energy, whereas the PL line moves towards the
PLE peak, i.e., to higher energy, by ~8 meV. Above 60
K, both PL and PLE shift monotonically to lower energy,
reflecting the variation of the (Ga,In)P band gap with
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FIG. 4. Temperature dependence of the PL and PLE peaks
for bulk (Ga,In)P.
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temperature. The energy difference between the peaks
decreases with temperature over this range, and they be-
come almost coincident near 150 K. This behavior is not
consistent with that expected for impurity-assisted
recombination. The observations are interpreted in the
following manner: microscopic fluctuations occur in the
alloy composition of the (Ga,In)P and there will be re-
gions where the local indium mole fraction is slightly
higher than the lattice-matched composition, giving rise
to a statistical distribution of local potential minima. At
low temperatures, PL takes place from the lowest-energy
states that can be occupied in the sample, and thus is
dominated by excitons weakly bound at these potential
minima. The Stokes shift at 5 K thus provides an indica-
tion of the maximum degree of local compositional fluc-
tuation in the alloy—note in this context that an energy
shift of 17 meV represents a change in local indium mole
fraction of only ~1.4 at. % from the lattice-matched
composition. As the temperature increases, the states to
higher energy become occupied due to thermalization
and the PL develops a high-energy tail and moves to-
wards the PLE peak roughly as ~k7, reflecting the
larger density of states (and larger sample volume with
this indium fraction) at the higher energy. The lack of
saturation in the fluence-dependent PL measurement
(Fig. 2) is not at odds with this interpretation: local po-
tential minima states could constitute only a fraction of a
percent of the free carrier density of states (thus not ap-
pearing strongly in the absorption) and still be present in
large enough absolute density, or have a rapid enough
recombination rate associated with them, to not be readi-
ly saturable.

A weak phonon-assisted satellite recombination peak
(0.15% of the main PL peak intensity at 5 K) was observ-
able ~47 meV below the main PL line—this is shown in
the inset expanded PL curve of Fig. 1. Raman-scattering
measurements'>?° on (Ga,In)P have shown a structured
spectrum, with a strong LO mode at 380 cm ™! (47.2
meV) and a weaker mode at 360 cm ™! (44.6 meV), the
origin and assignment of which are still under debate.
Evidence % points to the latter mode being the InP-like
LO mode and the former being the GaP-like LO mode.
Due to the 6.5-meV linewidth of the PL, the close prox-
imity of the two Raman modes, and the differing polari-
zabilities of the two binaries, we would not expect, how-
ever, to separately resolve GaP-like and InP-like phonon
replicas. The polarization of the lattice associated with a
weakly bound exciton is known to enhance coupling to
LO photon modes,?! thus observation of phonon-assisted
recombination provides additional evidence for excitonic
localization. In support of this viewpoint, the replica be-
comes weaker with increasing temperature, as we would
expect for excitons thermalizing out of localized states,
and becomes indistinguishable from the low-energy tail of
the main PL line above 15 K. The phonon replica is re-
sponsible for the rising signal below 1.96 eV in the
fluence-dependent PL measurements of Fig. 2.

PL and PLE were also performed (using the lamp exci-
tation source) on the (Aly,Gag3)gsIng 4P in the
sample—see Fig. 5. The exciton peak in PLE is at 2.439
eV, and the main PL peak (of FWHM 10.5 meV) is ob-
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FIG. 5. 5-K PL and PLE spectra for (A1,Ga,In)P.

served at 2.334 eV. The same PLE spectrum was ob-
tained for detection at all peaks in the distinctive PL line
shape, indicating that the full PL line shape originates
from the quaternary alloy. The PLE data has been
corrected for the spectral response of the excitation
source. We ascribe the decrease of the PLE signal above
the band edge to the fact that the lattice-matched alloy
(Al 1Gag 3)g.52Ing 43P is at the crossover point between
direct and indirect (k space) behavior.! The conduction
band I" and X states are therefore close to resonance and
X states will become populated as the excitation light is
tuned above the absorption edge, decreasing the signal
detected at the PL line. The energy separation between
the PL and PLE peaks does not decrease with increased
temperature for the quaternary case. This, combined
with its large magnitude (over 100 meV) leads us to as-
cribe the shift to an extrinsic process— possibly (neutral)
donor-assisted recombination, as all samples are residual-

ly n type.!!
B. (Ga,In)P-(Al,Ga,In)P quantum wells

We now discuss the quantum-well samples. The 120-,
75-, and 50- A well structures contamed 50 periods, the
30-A sample 5 periods, and the 14-A sample a single
period. Figure 6 summarizes the 5-K PL results ob-
tained. We emphasize that this is a composite figure—
separate samples were used for a given well width. The
PL linewidths—7.0 meV, 9.6 meV, 11.4 meV (for 50
periods), 15 meVA and 20 meV, for well widths of 120, 75,
50, 30, and 14 A, respectively—are comparable to the
best reported values found in the literature.>'© All PL
spectra showed weak satellite peaks due to phonon-
assisted recombination. An example, for the 120- A struc-
ture, is shown in Fig. 7. The 1LO line, at ~0.5% of the
main peak intensity, is 3—4 times stronger in the quan-
tum wells than in the bulk, with the 2LO line also distin-
guishable (typically a factor of ~30 weaker than the 1LO
line). This increased transition strength is, at least in
part, likely to be due to the additional localization effect
present in quantum wells, namely that due to well-width
fluctuations. The assignment of the PL satellites to
phonon-assisted transitions is supported by their behav-
ior with temperature. The strength of the 1LO line de-
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FIG. 6. Composite figure showing 5-K PL of all samples,
FWHM linewidth given_ in brackets. (A) bulk (Ga,In)P, (6.5
meV); (B) 50-period 120- A MQW (7.0 meV); (C) 50-period 75- A
MQW (9.6 meV); (D) 50-period 50- A MQW (11.4 meV); (E) 5-
period 30- A MQW (15 meV); and (F) single-period 14- A quan-
tum well (20 meV).

creases by a factor of ~3 over the range 5-40 K. As in
the case of bulk material discussed earlier, this can be as-
sociated with the thermalization of excitons out of the
weakly bound localized states (associated with alloy dis-
order and/or well-width fluctuations), the resultant de-
crease in the polarization of the lattice and, thereby, of
the exciton-LO-phonon coupling. The energy separation
of the main and 1LO peaks decreases roughly by ~kT
over the observed range of 5-70 K, which also supports
this assignment because phonon participation allows
recombination over the thermal distribution of excitons,
unlike the main peak which is constrained to K ~0
(where K is the exciton center-of-mass wave vector) by
momentum conservation.??

5-K PLE spectra were taken for all the quantum-well
samples, with the detection energy in each case being on
the low-energy edge of the PL line. Examples for the 75
A and 30-A well structures are shown in Figs. 8 and 9, re-
spectively. Unlike PL, PLE can closely represent the
free-exciton and free-carrier joint density of states and
shows the higher-lying, in addition to fundamental, exci-
tonic transitions. Comparison to PL data allows isolation
of any Stokes shift due to weak binding in localized

1 1 1 1
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FIG. 7. 5-K PL of the 120-A MQW showing 1LO and 2LO
phonon satellites inset.
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FIG. 8. 5-K PL and PLE for 75-A MQW. Major transitions
are shown in the figure.

states. It is reasonable to expect well-width fluctuations
to dominate localization effects for intermediate-width
quantum-well samples, and compositional fluctuations in
the well and barrier material to dominate for wide and
narrow wells, respectively. In the intermediate-width
case, the lowest-energy bound-state wave functions are
predominantly confined to the well (thus not being
strongly affected by barrier compositional fluctuations),
but are shifted sufficiently in energy above the bulk ab-
sorption edge of the well material by quantum
confinement, not to be much affected by compositional
fluctuations present in the well itself. This picture is sup-
ported by the measured Stokes shifts, which for inter-
mediate well widths are lower than that of the bulk
(Ga,In)P. The values are 9.5, 9, 12, 15, and 34 meV, re-
spectively, for the 120-, 75-, 50-, 30-, and 14- A structures.

The assignments for the main transitions for the 75- A
sample are indicated in Fig. 8. At an energy of ~2.4 eV
there is a clear falloff in the PL signal which we associate
with carriers being created at the band edge of the
(Aly ,Gag 3)o.52Ing 4gP. This band edge appears as a de-
crease in the PLE signal because e-A pairs that have been
created at this particular energy are not reaching the em-
itting state at which the PLE is being monitored. Figure
9 shows the PL and PLE data obtained from the 30-A

el-lhl

el-hhl el-he

PL

2.3 2.4 2.5 2.6
Energy (eV)

FIG. 9. 5-K PL and PLE for 30-A MQW. Major transitions
are shown in the figure.
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well-width sample. Again, the main transititgn' features
are identified in the figure. Unlike in the 75-A case, the
(A1,Ga,In)P band edge appears here as an increase in the
PLE spectrum, indicating an efficient transfer of photo-
generated e-h pairs into the (Ga,In)P quantum wells,
where they recombine. This difference between the two
samples we ascribe to the thicker (AL,Ga,In)P cap layer
used in the 75- A case (1 pm compared to 0.1 um in the
30-A sample). In the latter PLE spectrum, we can clearly
resolve the splitting between the e1-hhl and el-l1h1 exci-
tonic transitions. Two weaker peaks are evident at 2.258
and 2.318 eV, which we associate with transitions involv-
ing one carrier in the continuum while the other is in a
confined state. The assignment is el-hc and ec-hhl, re-
spectively, for the low-energy and high-energy peaks,
where hc refers to ‘““above-barrier hole continuum” and
ec to “above-barrier electron continuum.”

In order to fit the PLE data, we have made calculations
of the expected interband transitions within the
envelope-function approximation. In the simple model,
all bands are assumed to have a parabolic dispersion.
The energy eigenvalues for the electrons and the heavy
and light holes are obtained using boundary conditions?
requiring continuity of the envelope function F and
(1/m*) (dF /dz) at the (Ga,In)P/(Al,Ga,In)P interfaces.
Here, z denotes the growth direction of the epitaxial lay-
er. All the necessary input parameters for the model are
collected in Table I. E, is the fundamental energy gap,
determined directly from the 5-K PLE data. All other
parameters were obtained by linear interpolation between
the literature values for the binaries’*?> GaP, AIP, and
InP. A, is the spin-orbit splitting, and m,, my;,, and m,
are, respectively, the electron-, heavy-hole, and light-hole
effective masses in the (100) direction. In order to make a
comparison between the experimentally measured exciton
peaks and the calculated intersubband transitions, an ad-
justment for the exciton binding energy of each transition
must be made. Over the range of well widths studied
here, it has been calculated?® that the binding energy
varies between 11 and 15 meV. For simplicity, we have
assumed a constant value of 12 meV for the quantum
wells, which introduces only a small error into the calcu-
lation which may be neglected.

In Fig. 10 we have plotted the positions of all the tran-
sitions (after correction for the exciton binding energy)
observed in the PLE spectrum of each sample. The
theoretical curves for the An =even transitions are also
plotted and were generated using a conduction-band
discontinuity AE,=0.67AE,. We find that this value
provides the most comprehensive “fit”” to all the observed

TABLE 1. Materials parameters used in the envelope-
function calculations. Parameters are identified in the text.

Parameter Gag s5Ing 4P (Aly 7Gag 3)0.52Ing 45P
E; (V) 2.018 2.456
Aq (eV) 0.096 0.13
m,/mg 0.105 0.11
my, /Mg 0.46 0.51
my,/mg 0.14 0.15
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FIG. 10. Transitions measured by PLE for all quantum-well
samples (filled squares), with major subbands calculated vs well
width using the envelope-function approximation.

transitions. In particular, the light- and heavy-hole split-
tings are well described by this particular value, as are
those features that we have ascribed to transitions involv-
ing one confined and one free carrier (i.e., e1-hc and ec-
hh1). We have also calculated the expected value of the
el-sol transition for this particular system, where sol
denotes the first confined level of the spin-orbit split
band. In the (Ga,In)P system, the spin-orbit splitting A,
is ~100 meV and we assume that the spin split-off hole
has an effective mass of ~0.2m, which is a linear inter-
polation between the values for the binary end
members.?* Note that for the 30- and 50-A samples the
el-sol and el-hcl transitions are almost degenerate,
which accounts for the quite large oscillator strength seen
at this energy in each case. Finally, we have also plotted
the expected transition energies that correspond to the
el-hc and ec-hhl transitions. Such transitions were also
observed by Liedenbaum et al.'® and are relatively sensi-
tive to the precise size and distribution of the band
offsets. With the exception of the cases discussed above
when el-sol and ec-hhl are almost degenerate, these
transitions involving unconfined MQW states appear as
quite weak features in each spectrum. In general, this
does not necessarily have to be the case, as the wave func-
tions of the unconfined states can be quite complicated
and there is no longer a simple relationship between the
number of nodes in the wave function and the energy of
the state.?”28

Other measurements of the conduction-band offset
given in the literature are AE, ~0.39 (Refs. 6 and 9), 0.43
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(Ref. 7), 0.6 (Refs. 5 and 8), and 0.65 (Ref. 10). Our re-
sults provide strong evidence in support of the latter
value, which is the only other measurement to use PLE
(with the advantages outlined earlier). Our data are very
poorly fit by AE, ~0.4AE,, which has been the generally
accepted value,® 129 a result in most cases®’ obtained by
PL fitting only. In particular, we find that the light- to-
heavy-hole splittings are much better reproduced usin
AE ~0.67AE,, this being most notable for the 30-A
sample where there is the greatest difference between the
two model calculations: the observed splitting is ~24
meV, while the calculated value for AE. ~0.4AE, is 46
meV and for AE.~0.67AE, is only 30 meV. Also,
higher-energy transitions above 2.3 meV in the 75-A sam-
ple are well described by the transitions ec-hhl and e3-
hh3 if one uses a value of AE, ~0.67AE,, but cannot be
described using AE.~0.4AE, since there would be no
confined e3 state with this offset value. Finally, it is
worth noting that the deviations between the observed
el-hhl and el-lh1 transitions and those of the calculation
assuming AE,~0.67AE,, can easily be accommodated
by a slight adjustment (a few percent) of the nominal well
widths.

1IV. SUMMARY

5-K photoluminescence and photoluminescence excita-
tion spectra have been measured for Gag s,Ing 4P/
(Aly 1Gag 3)9.50Ing 4sP bulk and quantum-well epilayers,
grown under conditions in which the data are not
influenced by alloy ordering effects. The band-gap and
excitonic binding energy have been determined to be
2.018 and ~ 8.1 meV, respectively, for bulk Gag s5,Ing 45P.
Comparison between the PL and PLE measurements has
allowed the isolation of energy shifts due to weak exciton-
ic localization. A conduction-band discontinuity of
AE_ ~0.67AE, has been determined to provide the best
fit to all transmons observed in PLE for quantum wells of
width ranging from 14 to 120 A.
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