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ABSTRACT

The well-width (L;) dependence of photoluminescence (PL) from staggered type-II aluminum phosphide/gallium phosphide (AIP/GaP)
indirect-gap quantum wells (QWs) was investigated for determining the AIP/GaP conduction band offset (AE,). The PL spectra at 6 K from a
series of type-II QWs with various L,, 0.06-3.8 nm, grown on GaP(001) substrates showed quantum confinement shifts up to 0.324 eV. The
strong conduction-band non-parabolicity reported in GaP was taken into account, and we allowed for a wide range of electron longitudinal
effective mass m:H(GaP) from 0.6 to 4.8 my as a fitting parameter. The exciton-binding energies (Ep) in these QWs were calculated using
Leavitte and Little’s method [Phys. Rev. B 42, 11774 (1990)] extended for multiple sub-band mixing, considering the range of the m:H (GaP).

With increasing L,, the calculated Eg were found to be reduced, and the symmetry of the exciton hole-envelope functions was found to
change. The PL peak energies of the wider QWs (L, > 1 nm) agreed with the calculation using m:H(GaP) =0.6-1.25 my but did not agree

with the calculation using m,

Eg, we carefully determined AE, to be 0.374 = 0.01 eV.

(GaP) = 4.8 my without considering the non-prabolicity. Correcting the PL peak energies with the calculated

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0268837

The Al,Ga;_,P system is one of a few lattice-matched semicon-
ductor systems [0.3% mismatch between aluminum phosphide (AIP)
and gallium phosphide (GaP)] with the indirect bang gap (2.3-2.5¢V)
(0 < x < 1)," relatively high refractive indices (1n=2.8-3.3),” and
large optical nonlinearity.” GaP has long been used as the base material
of green light-emitting diodes.” The conduction-band minima in both
AIP and GaP are near the X points in the momentum space, while the
valence-band top is at the I" point. The AIP/GaP interface forms a
staggered type-II band structure where electrons and holes are sepa-
rated at the interface.” When a quantum well (QW) is created with
layers of different compositions x in the Al,Ga; P system, it becomes
a type-II QW. The optical transition in such a structure is then double-
forbidden in the real and momentum spaces. However, it has been
clarified that by devising quantum confined structures, it is possible to
induce quantum effects such as ['-X mixing” and significantly increase
optical activity selectively in a targeted layer, enabling fabrication of
light emitters and/or photodetectors within a monolithic structure. In
fact, quite low optical-absorption loss in transparent GaP and AlGaP
crystals enables the fabrication of complex optical devices with thick

films grown by epitaxy, taking advantage of the lattice-matched sys-
tem. The AlGaP system has been gaining attention for its ability to cre-
ate monolithically formed integrated optical devices such as optical
resonators, frequency comb generators with second-harmonic con-
version,”” and light-emitting devices with distributed Bragg reflec-
tors.'’ The AlGaP system is also expected to provide basic research
insights into how indirect semiconductors such as silicon and silicon
germanium can be applied to optical devices.'' "

Accurate band offsets are important for the correct wavelength-
response design of these devices and are necessary for optical and elec-
trical evaluations in basic research. Designing and fabricating devices
with precisely targeted band offsets can improve wavelength selectivity,
yield, and reliability.

Our reexamination of the AIP/GaP conduction band offsets
(AE,) has been motivated by the large mismatch of >100 meV in the
photoluminescence (PL) peak energies of an AlGaP structure found
between the experiment and calculation in 1995.° Three possible issues
had been assumed as the causes of the large mismatch; the first issue
was the experimentally unknown AIP electron effective mass at that
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time, and the best-fit value in our experiment was much different from
the theoretical values, as Vurgaftman and Meyer pointed out." This
issue was addressed in 2008 by Semtsiv et al,' who determined
m:” (AIP)=0.90my and m{, (AIP) =0.30my over the hurdles of the
AlP deliquescence,lb where the mZH is the effective mass of electrons in
the longitudinal direction <001>, and m, is the effective mass in the
transverse (lateral) directions <100> and <010>, and my is the free
electron mass. It should also be noted that even the exciton-binding
energy (Eg) in bulk AIP has not yet been established.

The second issue was the possible mismatch of the AE,, as we had
used AE, measured at room temperature (RT)” in the comparison with
the PL results at 6 K in 1995. Later, Nagao et al. reported AE. = 0.38 eV
at 4K in 1997 assuming fitting parameter m?(AIP) = 0.85 my.'® Their
AE. was assumed to be a much better value, although the changes
in the Eg were not explicitly considered in their evaluation. The Eg in
bulk GaP had been reported to amount to as much as 0.0215eV
(Refs. 2 and 17) and would be reduced in staggered type-II QWs, then
it would be more favored that the amount of the change be taken into
account in the evaluation by Nagao et al. Even after their report, calcu-
lated AE, values were also cited and differed."*"” It seems, then, that
there is still demand for further reliable AE, values.

The third issue was the strong non-parabolicity of GaP
conduction-band bottoms,” which might lead to large changes in
m,, (GaP) and affect the confinement energies of electrons in the AIP/
GaP QWs as well as the m:” (AIP). Miura et al. reported m:” (GaP)
varying from 4.8 to 6.9 m, with the change in measuring condition,
while m | (GaP) was found to be stable at around 0.25 mg.”" The large
values and changes in m (GaP) were explained to be due to the so-
called camel’s back structure, ie, the W-shaped two-hump
conduction-band bottoms split across the X points caused by the lack
of inversion symmetry in the GaP crystal.”’ In AIP QWs, the actual
GaP barrier effective mass m, (GaP) of the confined states would
change from the band-bottom values, because the energy levels of the
confined states in the QWs would be lower than those barrier GaP-
band bottoms by more than 0.2 eV in wider wells, and the effects of
the two-hump band bottoms would decrease. Park and Chang calcu-
lated mZH (AIP) to be 0.92 m, and m:H (GaP) to be 1.25 my in their AIP/
GaP superlattice models,”" showing the possibility of a much-reduced
m:" (GaP). In our determination, therefore, we assumed that the
m:| (GaP) would be better treated as a fitting parameter, allowing for a
wi(ie enough range of m; (GaP). The non-parabolicity was found to
affect the well-width (L) dependence of the QWs in our calculation,
which we discuss later in this Letter.

In this Letter, we revisit these issues and report our AE. determi-
nation considering the non-parabolicity of the GaP conduction band
and change in the Ep. We first present the PL results from several AIP/
GaP QW s of various widths. We then calculate the Ep in those QWs
for correcting the excitonic effects in the PL. We graphically estimate
the AlP-conduction-band bottom energy from a PL-peak-shift analy-
sis. We allow for a wide range of m:” (GaP), 0.6-4.8 my, and consider
the minimum and maximum m:‘ (GaP) in both the Ey calculation and
the PL-peak-shift analysis of actual QWs. We also allow for a change
in m; | (AIP) in the PL-peak-shift analysis, as it was considered to sensi-
tively affect the AE.-determination. Finally, we determine the AE. and
recheck the consistency of those ranges.

The samples were AIP/GaP multiple QWs (MQWSs) grown by
gas source molecular beam epitaxy (VG Semicon V80H) using PH;

pubs.aip.org/aip/apl

and elemental Ga and Al. The substrates were nominally undoped
GaP (001). The structure of a typical sample is illustrated in the inset
of Fig. 1. After the growth of a 200-nm GaP buffer layer, a 10-period
AlP(20 nm)/GaP(20 nm) multilayer and AIP/GaP MQWs with various
L, were grown. A satellite peak analysis of the x-ray diffraction from
the multilayers was used to calibrate the layer thicknesses. The L, were
inferred from the exposure time. The GaP barrier was 50 nm thick.
The growth temperature was 620 °C, which was the lowest tempera-
ture at which clear 4x patterns in the reflection high energy electron
diffraction (RHEED) can be observed through the growth of the whole
structure. The RHEED 4 x pattern was a signature of good crystalline
quality and flat interface morphology.”” No growth interruption was
performed at the interfaces. Post-growth annealing was conducted at
650 °C for 3 min to ensure the layers were of high quality. PL was mea-
sured at 6 K by using a 405-nm continuous-wave indium-aluminum-
gallium-nitride laser. The optical power density was carefully selected
between 0.03 and 0.1 W/cm” to avoid peak broadening.” We had sep-
arately confirmed stable single-peak excitonic luminescence from each
QW without the peak broadening at the power densities between 0.01
and 0.8 W/cm®.

Figure 1 compares the PL spectra from the AIP/GaP MQW sam-
ples. Well-resolved peaks were captured from the QWs with
L,=0.06-3.8nm. The QWs of L,=0.06 and 0.13nm are sub-
monolayer (ML) QWs. The main peak from each QW can be assigned
to the no-phonon (NP) line.”* Its phonon replicas due to both longitu-
dinal optical and transverse optical phonons”* can be found on the
lower energy side in the spectra of 0.06-, 0.13-, 0.27-, and 0.69-nm
QWs. The systematic peak shifts of the sub-ML QWs indicate large
excitonic radii in the lateral directions, spread over several Al and Ga
atoms and reflecting their averaged potential. The quantum-
confinement shift amounted to 0.324 eV, from 3.8nm (1.984¢V) to
0.06 nm (2.308¢eV) in L,, which was already well over the reported
AE, at RT.”” The bulk GaP band edge is visible at 2.319€V in the
spectra of 1.2-2.7-nm MQWs and at the foot of the 0.13-nm QW
peak. Such an NP transition in bulk often occurs with shallow impuri-
ties; thus, the decrease in the emission energy that was 9 meV below
the known excitonic bandgap of GaP, 2.328 eV, would naturally be
counted as the possible trapping energies of the shallow impurities.

T T T T T T T
E GaP 50 nm |
: 1.2nm 0.69nm 0.27 nm 0.13 nm AP OW E
|GaP_____ 50 nm | ]
AP QW ]
GaP 50 nm

AlIP 20
2.70m iGaP20mm | ]
x 10 cyc. | ]
GaP buff. 200 nm |

GaP (001) sub.

AIP bulk

PL Intensity (a.u.)

1.9 2.0 2.1 22 23 2.4 2.5
Photon Energy (eV)

FIG. 1. 6-K PL spectra of AIP/GaP MQWs with well widths (L,) of 0.06-3.8 nm.
Inset shows the structure of a typical sample. Small features observed on lower
energy side of prominent no-phonon peak are its phonon replicas. Peaks higher in
energy than those of 0.27-nm QW are attributed to sub-monolayer (ML) QWs.
Systematic peak shifts are observed.
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This 9-meV discrepancy is mentioned later in this Letter. The faint
luminescence peak from the bulk AIP whose peak is at 2.489eV can
also be assigned to the shallow-impurity peak from the multilayer AIP.

We then calculate the Ej for correcting the PL results.

Figure 2 shows the calculated Ej plotted against L,. Figure 3 sche-
matically shows the envelope functions of the electron and hole. In the
calculation of Ep, we used a one-dimensional single-band envelope
function approach and the method developed by Leavitte and Little®
and extended it for counting the mixing of 50 sub-bands each for elec-
trons and holes, as detailed in the supplementary material. In Figs. 2
and 3, the solid and dashed lines are the upper and lower bounds to Eg,
which are largely controlled by the relative permittivity (dielectric con-
stant) ¢, and m:”, where the ¢, values are in units of the vacuum permit-

tivity. We considered the m? (GaP) of 0.6-4.8 m, possible range of the

el

other m? and m} in the bulk and QWs, and mixing of both the static
(€0) and dynamic (e,) permittivities in the excitonic states as described
in a classical picture of Haken.”” For the upper bound,
my (GaP)=48my,"’ my; (GaP)=0325my," €(GaP)=e.(GaP)=8.9,’
m}’;hH(AlP) =0.52my," and ¢, (AIP) = e, (AlP) =7.54” were used. For
the lower bound, m:” (GaP) = 0.6 my, m;‘lhu (GaP) =0.22 my," €.(GaP)
= co(GaP)=10.86," iy (AIP)=025mp," and e (AIP)=¢)(AIP)
=9.84" were used. Note that my| (GaP) =0.253 mg,”’ my; | (GaP)
=0325my, m(AIP)=090mo, " m (AIP)=030mo, " and
my; | (AIP) =0.52 my' were commonly used for both. The valence
band offset (AE,) was obtained through the relation AE, = AE,
+ E4(AIP) — E,(GaP) by using E4(AIP) =2.505eV (Ref. 29) and the
AE. to be determined later.

As shown in Fig. 2, the Ep for AIP/GaP type-II QWs monotoni-
cally decreased with increasing L,. Note that this is in contrast with
typical type-I QWs, where Ep often goes through a maximum at inter-
mediate well widths, reflecting the increased binding energies of two-
dimensional excitons. The actual Eg = 21.5 meV for the bulk GaP,"” is
found in the middle between the upper and lower bounds at L, =0,
which is consistent with the picture of Haken.”” The calculated Eg,
6.2-10.4meV, for QW with L, =3.8nm appear comparatively small
as expected.

Exciton Binding Energy (meV)

0 1 2 3 4 5 6
Well Width (nm)

FIG. 2. L, dependence of the calculated exciton-binding energy (Eg). Upper bound
(solid line) and lower bound (dashed line) are shown. Actual GaP bulk Eg is in the
middle between upper and lower bounds of calculation at L, = 0. Note that type-Il
AIP/GaP QWs show steady decrease in Eg with increasing L;.

pubs.aip.org/aip/apl

In Fig. 3, the envelope functions in (a) GaP bulk (L, =0), AIP/
GaP QWs with (b) L, =0.06, (c) L,=1.2, (d) L,=3.8nm, and (¢) a
type-II AIP/GaP single heterostructure are shown. For small L,, the
envelope functions were symmetric. The symmetry, however, started
to change between 1.2 and 1.5 nm, as electrons or holes began to accu-
mulate on either side of the QW in favor of an increased Ep. This
would be intuitively clear in view of the staggered type-II single inter-
face (e) as the limiting case of L, = co. The wave functions of the
lower bound of Ep (dotted lines) were more spread out in the growth
direction (z-axis) than those of the upper bound of Ep (solid lines),
which is also consistent with the classical picture of the excitonic
states.

We then plot these results (the calculated Eg) with the PL peak
energies in Fig. 4.

Figure 4(a) shows the energies of the main PL peaks vs L,, while
Fig. 4(b) is a replot as a function of L_ 2. Such a rescaling helps reveal a
slope proportional to the inverse effective mass n1; !, provided that
the barrier penetration of wave functions is negligibly small at larger
L, values. The solid circles show the energies of the main PL peaks in
Fig. 1. The open circles are shifted upward from the solid ones by the
calculated Ep of the upper and lower bounds. As shown in Fig. 4(b),
the solid and open circles eventually fall on the lines with increasing
L. Extrapolating the solid circles for the 1.8-, 2.7-, and 3.8-nm QWs to
the vertical axis, we can estimate the PL peak energy E=1.968¢eV
from the intercept in the limit L, = co. If a constant Ep is assumed,

(@)
L,=0
(b)
L= 0.06-nm e &
Ep=13.6~26.6 meV
© i

—]\ Eg= 28~54 meV

60 nm [ GaP
1 AIP

FIG. 3. Envelope functions of electron and hole in exciton in (a) bulk GaP, (b) 0.06-
nm QW, (c) 1.2-nm QW, (d) 3.8-nm QW, and (e) AIP/GaP single heterostructure.
Solid and dashed lines correspond to upper and lower bounds of Eg, respectively.
Symmetry of hole envelope function changes with increasing L;.
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1974 eV

FIG. 4. Energies of main PL peaks as
functions of (a) L, and (b) L;2. Solid
circles show as-recorded PL peak ener-
gies, while open circles show those with
corrections due to Eg. Inset shows sche-
/ matic potential profile of AIP/GaP type-lI
QWs. The solid and open circles in (b)
4 . eventually fall on lines with increasing L,.
Extrapolation of data for 1.8-, 2.7-, and
3.8-nm QWs to vertical axis provides tran-
sition energies of 1.968 eV (uncorrected),
1.974 eV (corrected with smallest Eg esti-
mate), and 1.978 eV (corrected with larg-
est Eg estimate) for the limiting case
L, = oo. Curved lines for m (GaP)
=4.8m, clearly fall short of PL peak
energies in (b), indicating non-parabolicity

1.978 eV .

T T T T
(a) ——— 2.350 eV (bulk GaP) (b) 2.20F
- 2.319eV
’ GaP AIP GaP = 215+
3 g
D>\D 22 Eﬁ 2.10
o) o)
3 3
E . E 205+
@) . o
< <
A ~ 2.00
2.0 1.95
I 1 I I
0 4 0 2

1 2 3
Well Width (nm)

AE, can roughly be estimated to be 0.360 (=2.328-1.968) eV at this
stage.

Similarly, by extrapolating the open circles to the vertical axis, we
can find 1.978 eV for the upper bound and 1.974¢eV for the lower
bound of Eg. These values are the energy levels of the estimated AlP-
conduction-band bottom and energy gaps from the GaP-valence-band
top. Subtracting these from the reported optical (non-excitonic)
bandgap, E4(GaP) =2.350¢eV,"” one finds 0.372 (=2.350 — 1.978) eV
for the upper bound and 0.376 (=2.350 — 1.974) eV for the lower
bound. We, thus, have ensured the AIP/GaP band offset to be
AE.=0.374 %+ 0.01eV. The 0.01 eV uncertainty allows for not only
the difference between the spread of Ep values (* 0.002eV) but also
the possible trapping potential of the shallow impurities of <9 meV to
be recounted.

Finally, we rechecked the ranges of m:H(GaP) and m:H(AlP)
assumed in Figs. 2 and 3. We calculated the L, dependence with the
obtained AE, within the effective mass approximation assuming the
square potential for AIP/GaP QWs. The effect of interface blurring in
the QWs was calculated to be negligible and is also explained in the
supplementary material. We assumed ideally square potential in the
calculation, as the final errors in the determined AE. due to the effect
of interface blurring would be as small as 0.2meV and negligible,
even if we assumed 1-ML blurring of Al and Ga atoms at every AIP/
GaP interface. The estimate of this effect is also explained in the
supplementary material. The results are plotted in Figs. 4(a) and 4(b)
with the dashed-solid curved lines for three m:H (GaP) values, 0.6, 1.25,
and 4.8m, with fixed m:‘ (AIP) =0.90 mq. The curved lines in
Fig. 4(b) provide a reasonable fit with m (GaP) = 0.6-1.25 m,, which
is within the range covered by the upper and lower bounds. The results
are also in good agreement with mzl(GaP): 1.25my predicted by
Park and Chang.21 The curved lines drawn using m:” (GaP) =4.8my
in Fig. 4(b) clearly fall short of the PL peak energies and fail to repro-
duce the L, dependence of the wider AIP QWs (L, > 1 nm). This indi-
cates that the m:‘ (GaP) was changed in the QWs of wider L, due to
the non-parabolicity. The effective mass m; = 0.91 m, before the band
splitting of X; and X; estimated by Miura et al.”’ was within the range
of m:H (GaP) =0.6-1.25 my.

4 6 8 10 12 of mg, (GaP).

Inverse Squared Well Width (10! nm?)

We should also note that the slopes of the fitting lines in Fig. 4(b)
could also be reproduced using mZ”(AlP)% 1.5myq in the absence of
the barrier penetration, i.e., if we assumed the infinite barrier height on
both sides of the QWs. The apparent slope was affected by the barrier
effective mass.

As pointed out by Park and Chang’' and by Semtsiv et al,'* an
AP film grown on a GaP (001) substrate is compressively strained in
the lateral directions, and the indirect valleys X, Xy, and X, split into
the longitudinal X, and the twofold transverse valleys, X, and X,. The
X, valley has a heavy mass in the z direction my, while the X, and X,
valleys have a light mass in the z direction m;, , then the X, bound
states are formed in the QWs of L, < 4 nm, compensating for the
strain-induced upward shift of the X, band edge. The uniaxial pressure
dependence of PL from AIP/GaP superlattice structures”’ is consistent
with this view. Thus, we infer that the obtained AE. was the offset
between the X, valleys in the AP layers and X valleys in the unstrained
GaP layers. The bulk AIP peak in Fig. 1 can naturally be assigned to X
and X, valleys in the same manner.

In conclusion, we have investigated the L, dependence of PL of
AlP/GaP type-II QWs grown on GaP (001) substrates. The PL showed
maximum quantum confinement shift of 0.324eV. The Ep in the
QWs were calculated using Leavitte and Little’s method extended for
sub-band mixing treatment, and found to be reduced in the wider
QWs. The PL results agreed with the calculation with the smaller
m,,(GaP), indicating the non-parabolicity of the GaP conduction
band. By extrapolating the data for the wider L, corrected by the calcu-
lated Eg, we determined the conduction band offset of the AIP/GaP
interface to be AE. = 0.374* 0.01eV at 6 K.

See the supplementary material for details of the Ep calculation
method and estimated effect of interface blurring.
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