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InP quantum dots embedded in GaP: Optical properties and carrier dynamics
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The optical emission and dynamics of carriers in Stranski-Krastanow self-organized InP quantum dots
embedded in a GaP matrix are studied. InP deposited on GaP~001! using gas-source molecular-beam epitaxy
forms quantum dots for InP coverage greater than 1.8 monolayers. Strong photoluminescence from the quan-
tum dots is observed up to room temperature at about 2 eV; photoluminescence from the two-dimensional InP
wetting layer is measured at about 2.2 eV. Modeling based on the ‘‘model-solid theory’’ indicates that the band
alignment for the InP quantum dots is direct and type I. Furthermore, low-temperature time-resolved photolu-
minescence measurements indicate that the carrier lifetime in the quantum dots is about 2 ns, typical for type-I
quantum dots. Pressure-dependent photoluminescence measurements provide further evidence for a type-I
band alignment for InP/GaP quantum dots at normal pressure with the GaPX states lying about 30 meV higher
than theG states in the InP quantum dots, but indicate that they become type II under hydrostatic pressures of
about 1.2 GPa.

DOI: 10.1103/PhysRevB.67.085306 PACS number~s!: 73.20.Fz, 73.61.Ey, 73.63.Nm, 81.15.Hi
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I. INTRODUCTION

Fabrication of self-organized quantum dots~QD’s! using
the coherent-island Stranski-Krastanow growth mode
been realized in a number of material systems, the most
tensively investigated of which is that of InAs QD’s on an
in GaAs. The material system of InP QD’s on GaP has b
much less extensively investigated than InAs/GaAs, bu
interesting both for a fundamental understanding of the ph
ics of QD formation and for its potential applications to vi
ible light emitters. Quantum-dot formation in InP/GaP sy
tem due to the self-organized growth mechanism is expe
under the proper growth conditions, driven by the 7.7%
tice mismatch between strained InP and GaP. Following
analogy to InAs/GaAs, the wider band gaps of the InP a
GaP should result in optical emission from the InP dots n
2 eV. The realization of such emission is potentially of gre
importance because it could allow high efficiency direct
combination in the InP QD’s within a GaP matrix and on
GaP substrate, taking advantage of the well-developed G
based light-emitting diode~LED! technology. Furthermore
using the transparent GaP rather than GaAs as substra
lows easier extraction of the emitted light for vertical stru
tures such as superluminescent LED’s or vertical cavity
sers.

The growth of large~400 nm in base size and 100 nm
height! partially relaxed InP islands on GaP using organom
tallic vapor-phase epitaxy~MOVPE! after deposition of
about 1.2 monolayers~ML ! InP is reported in Ref. 1. Like-
wise, Junnoet al. reported the formation of relaxed InP QD
0163-1829/2003/67~8!/085306~8!/$20.00 67 0853
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on GaP after deposition of about 3-ML InP using chemi
beam epitaxy;2 according to their studies, the height of i
lands varied between 5 and 20 nm. InAs QD’s have a
been realized on~001! GaP substrates, apparently forming
the Volmer-Weber mode and luminescing at about 1.7 e3

We have recently described the formation of InP QD’s us
gas-source molecular-beam epitaxy~GSMBE!;4 in contrast
with other reports, however, we are able to achieve inte
optical emission from the GSMBE-prepared InP QD’s5

Junnoet al.attributed the lack of luminescence in large QD
to the large strain in the system, which could change
conduction-band alignment to separate the electrons
holes in the InP/GaP QD system.2

In the present paper, we describe in detail the optical ch
acterization and carrier dynamics in InP quantum dots in G
grown by GSMBE. Using time-resolved photoluminescen
and pressure-dependent photoluminescence, we show
the InP/GaP QD system is type I, so that both electrons
holes are confined in the InP QD’s, leading to strong car
recombination and intense light emission. This result is
contrast with a recent theoretical investigation,6 but consis-
tent with the model-solid theory of Van de Walle.7

II. GROWTH AND ANALYSIS TECHNIQUES

A. Growth

Structures are grown using GSMBE on~001!-GaP sub-
strates in a Riber-32-P molecular beam epitaxy system. A
oxide desorption, a 200-nm-GaP buffer layer is grown
565 °C at a rate of 0.9mm/h. The growth is then interrupte
©2003 The American Physical Society06-1
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while the substrate temperature is reduced. Subsequently
desired coverage of InP is deposited at 410–490 °C,
lowed by a growth interruption of 60 s. The InP growth ra
has been varied between 0.08 and 0.22mm/h for different
samples. Each sample contains one to nine periods InP
with InP coverage between 1.8 and 5.8 ML and interven
GaP barrier thickness of 5–20 nm, dependent on sample
measure the InP coverage on the GaP surface in ML ta
into consideration the enlargement of the vertical InP latt
constant under compressive in-plane strain (6.73031014 in-
dium atoms/cm2 in a compressed monolayer!. The resulting
structures are then capped with GaP. The growth proce
monitored using reflection high-energy electron diffracti
~RHEED!; during GaP growth, the surface shows a (234)
reconstruction. At the beginning of InP growth, the RHEE
pattern appears streaky, indicating two-dimensional~2D!
growth, and gradually becomes spotty and less intense
the deposition of about 1.8 ML of InP~3D growth!. Samples
prepared for atomic force microscopy and scanning elec
microscopy studies were grown without cap layer.

B. Structural and optical analysis techniques

The structural properties of the samples have been c
acterized using double-crystal x-ray diffractometry, scann
electron microscopy~SEM!, transmission electron micros
copy ~TEM!, and atomic force microscopy~AFM!. X-ray
rocking curves were examined for the~004! reflection using
Cu Ka1 radiation with a resolution of about 109. SEM stud-
ies have been conducted in a S360 Leica Cambridge mi
scope and AFM investigations have been carried out i
TopoMetrix discover microscope. Additionally, samples ha
been studied in cross section and plan view by TEM in
Hitachi H-8110 microscope operated at 200 keV.

Photoluminescence is excited using the 325 nm line o
He-Cd laser. The emission is dispersed by a 1 mmonochro-
mator and detected by a charge-coupled device camera.
measurements are performed in the temperature rang
5–300 K.

For the time-resolved photoluminescence~PL! for times
up to about 2000 ps, excitation laser pulses shorter than
fs are generated by a frequency-doubled Spectra Phy
Tsunami Ti:Sapphire-laser pumped by an Ar1 laser. The ex-
citation wavelength is 395 nm and the repetition rate
MHz. The PL emission is measured using a 0.25-m-gra
monochromator and a Hamamatsu synchroscan streak
era. Nonequilibrium carrier densities up todn51016 cm23

are generated by each pulse. The overall temporal resolu
of this configuration is better than 20 ps. For time-resolv
measurements up to 20 ns, the configuration was as
scribed in Ref. 8.

The photoluminescence has also been investigated u
hydrostatic pressure up to 10 GPa. For these experiments
samples are chemically thinned to a total thickness of ab
30 mm and then cut into pieces of about 1003100 mm2.
The measurements are performed at 4 K using a diamond-
anvil cell and the luminescence is excited using the 488
line of an Ar1 laser.
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III. RESULTS AND DISCUSSION

A. Structural properties

Both the in situ RHEED measurements and the AF
studies indicate that dot formation begins after deposition
about 1.8 ML of InP.5 While the critical deposition for island
formation appears to be independent of growth conditio
the size and the area density of the dots are particularly
pendent on the PH3 flux.

InP deposition using a relatively low-PH3 flux of about
1.1 sccm~standard cubic centimeter per minute!, results in
InP islands with quite large lateral sizes; AFM measureme
show average lateral sizes from 100 to 130 nm as the
coverage is increased from 2 to 6 ML. The dot dens
changes in the range of (2 –6)3108 cm22 and the average
height of the dots is about 18–20 nm and nearly independ
of InP coverage. These large dots form under low-PH3 flux
even at deposition rates as low as 0.08 ML/s and a subs
temperature of 450 °C. Furthermore, AFM images rev
that the large islands grown at lower-PH3 flux composed of
2–4 smaller dots that have conglomerated; a detailed st
tical analysis shows no indication, however, of a multimod
size distribution. Preference for cluster nucleation may
here either because of reduction of the surface energy~Os-
wald ripening! or because of already existing dots. Furth
more, the formation of the large InP/GaP QD’s compared
other highly lattice-mismatched III–V QD’s may be ex
plained by the large elastic constants in bulk InP. The to
strain energy in the continuum mechanical model is prop
tional to the elastic constant and the square of the latt
mismatch degree.9 Due to larger elastic constants in bulk In
than in bulk InAs,10 a higher strain energy in the InP/Ga
system is expected, which should lead to earlier strain re
ation and larger dots.

Higher-PH3 flux during InP deposition leads, however,
smaller islands. This effect was also observed for InP/G
MOVPE islands1 and a similar effect is seen in the InAs
GaAs system.11 Figure 1 shows an AFM image from
sample containing 3-ML InP grown under PH3 flux of about
1.7 sccm~high flux! at a substrate temperature of 490 °
The dots in this sample are significantly smaller than th

FIG. 1. AFM micrograph of a sample containing 3-ML In
grown under high-PH3 flux.
6-2
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grown under the low-PH3 flux condition because the highe
PH3 flux leads to a higher phosphorus surface density
lower in-surface mobility. Both AFM and TEM studies ind
cate that the average base length of QD’s for samples
taining 2-ML InP and grown under high-PH3 flux is about 20
nm; the height of the dots, according to high-resoluti
TEM, is between 3 and 5 nm. The higher-PH3 flux results
not only in smaller dot size, but, correspondingly, in an
crease of QD areal density. The size and density data for
samples with 3-ML-InP coverage, but with different PH3
fluxes are compiled in Table I.

Besides the structural differences between the InP Q
grown under differing PH3 fluxes, we obtain photolumines
cence only from the smaller QD’s grown under higher-P3
flux. In our experiments, the lateral cutoff size for obtaini
optical emission is about 50 nm, perhaps due to nonradia
recombination centers in the dots. A further reason can be
complicated band alignment of the InP dots with the G
matrix which depends on the dot geometry and strain, le
ing to a system which can be indirect in bothk and real
space. The lack of luminescence from the larger dots is
consistent with other results in this material system.1,2 The
issue of direct transitions versus indirect transitions will
discussed in the following section.

B. Electronic structure

Optical properties are determined by the electronic str
ture, which is strongly dependent on both the structural pr
erties of the InP quantum dots and on strain. The band al
ment, including strain effects, is estimated using the mod
solid theory by Van de Walle.7 Using the estimated ban
alignment, we calculate the localization energies for b
electrons and heavy holes as functions of InP thickne
Since the lateral dimensions of the QD’s are much lar
than their vertical dimensions, we neglect the energetic s
due lateral confinement effects and model the QD’s as w
laterally confined quasi-two-dimensional slices. Within
multivalley effective-mass approximation, we find that f
the coupled InP/GaP quantum wells~QW’s! with InP cover-
age thinner than about 3 nm~8.5 ML!, theG-like electrons in
InP layer are located at a higher energy than theX states in
the GaP layer — for instance, in the case of ultrathin Q
~thinner than 1 nm! the G-like electrons in the InP layer ar
about 500 meV higher in energy than GaPX states — lead-
ing to localization of electrons in theX valley in the GaP.
Hence, the structure is type II. This situation is experim
tally realized in the InP QW’s.8 The effect of the biaxial
strain in the InP is to split theX states, with theXxy states

TABLE I. Area density, base length, and height of InP QD’s
function of PH3 flux based on AFM data. The InP coverage is abo
3 ML.

PH3 Flux Areal density Base length Height
~sccm! (dots/cm2) ~nm! ~nm!

1.1 23108 100 18
1.7 231010 25 3
08530
d

n-

-
o

’s

ve
he
P
d-

so

-
-

n-
l-

h
s.
r

ift
k

-

being pushed to lower energies near the size-quant
G-state energy. The InPL states are not expected to play a
role because they are not significantly lowered in energy
~001! strained systems. We estimate that for thin wells,
lowest-energy states are theX states of the GaP, but that th
Xxy states of the InP could also play a role. In the case of
wetting layer, the situation is even more complicated beca
of possible coupling with the QD states.

The calculations based on the model-solid theory in
cates that for the QD’s with thicknesses beginning at 3
('8.5 ML), on the other hand, theG-like electrons in InP
are located approximately at the same energy as theX valley
in the GaP matrix, implying that the electrons may localize
both materials.~We estimate that the GaPX states lie about
20 meV higher than the InPG valley.! For this reason, the
band alignment for InP QD’s embedded in a GaP matrix
expected to be either type I or a boarder case between ty
and type II. Figure 2 shows the corresponding band ali
ment for ultrathin InP QW’s and InP QD’s~modeled as quan
tum slice!. Although, a single electron is probably no
strongly confined to the InP because the extended state
the GaPX valleys have similar energy to the lowest sub-ba
in the InP, the presence of the holes in the InP QD’s result
an additional Coulomb interaction so that the exciton is re
tively well spatially localized in the InP.

Williamson et al., on the other hand, have calculated t
electronic structure of a spherical InP QD embedded in G
matrix.6 According to their calculation, when the diameter
the InP QD (dQD) is smaller than 6 nm, theG-like electrons
in InP layer are localized at a higher energy thanX states in
the GaP layer and the band alignment of the dot is type
Furthermore, they find that the strain in the InP/GaP sys
induces a new conduction-band state, which is lower in
ergy than both theX valley in the unstrained GaP matrix an
the G-like electrons in the InP layer. In this way, the ele
trons are localized in real space at the interface between
InP QD and the GaP barrier. This new interface conduct
~IC! state is indirect in reciprocal space. Therefore, an in
rect transition is also predicted for larger spherical InP QD
(dQD>6 nm). The calculated dipole transition-matrix el
ment between the IC state and theG-like holes in InP is five
orders of magnitude smaller than for a typical type-I syste6

resulting in a smaller optical transition probability and
longer carrier lifetime.

t

FIG. 2. Valence and conduction-band alignment schema of
pseudomorphic InP/GaP MQW and QD. The arrows indicate
two possibilities of electron-hole recombination.
6-3
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C. Photoluminescence

Figure 3 shows the PL spectra of two InP/GaP structu
grown under high-PH3 flux of about 1.7 sccm, together wit
the PL from InP/In0.48Ga0.52P QD’s ~Ref. 4! shown for com-
parison. The top spectrum is from strained InP QW’s; the
in this structure remains 2D because the InP coverage o
ML is considerably lower than the critical thickness for d
formation~1.8 ML!. The second spectrum of Fig. 3 is from
structure containing QD’s formed when the InP coverage
above this critical thickness. The InP/GaP multi quant
well ~MQW! sample consists of nine periods, each conta
ing 0.5-ML-InP coverage and separated by 5 nm of GaP;
InP/GaP QD sample consists of five periods, each contain
2.1-ML InP and also separated by 5-nm GaP. T
InP/In0.48Ga0.52P sample contains a single InP deposition o
ML. The measurements have been carried out at 5 K with an
excitation density of about 10 W cm22.

The PL emission from the two-dimensional InP-MQ
samples consist of four intense and relatively narrow
lines in the 2.15–2.20 eV range; these lines are present
in samples with only the 2D InP QW’s and in samples co
taining QD’s coexisting with the 2D InP wetting layer, b
are better resolved for MQW samples. The PL from InP/G
QD samples includes additional emission in the range
1.9–2.0 eV and is due to the radiative recombination
heavy holes and electrons in the dots.5 The origin of the PL
line at about 2.2 eV is the wetting layer.

Also depicted in Fig. 3 is the PL spectrum from InP QD
in a In0.48Ga0.52P matrix. This system is without question
type-I system and has also been used as the active lay
lasers.12 The PL intensity from the InP/GaP QD’s is simila
in intensity to that from the InP/In0.48Ga0.52P QD’s and about
200 meV higher in energy mainly due to the band-gap d
ference between the different matrix materials.

We explain the photoluminescence from the 2D I
MQW’s as spatially indirect recombination of electrons fro
the GaPX valleys with holes in the InP and its phonon re
licas involving the phonons near theX points in the Brillouin
zone.8 The energy differences between the highest-energy
line and the other three transitions are 12, 30, and 40 m
for all samples. The energy separations between the p
and the independence of these separations with respect t

FIG. 3. Photoluminescence spectra of samples with different
coverage measured at 5 K. For comparison, QD’s in
InP/In0.48Ga0.52P system are also shown.
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coverage suggest that the three emissions peaks with lo
energy are phonon replicas of the highest-lying peak. T
separations agree well with the transverse-acous
longitudinal-acoustic, and either transverse-optical
longitudinal-optical phonons near theX points in the GaP
Brillouin zone with energies of 13.2, 30.4, and 44–45 me
respectively.13,14These energies are not appreciably chang
for InyGa12yP with small In mole fractiony.13 Thus, we
identify the highest-energy peak in each spectrum as the
phonon ~NP! emission and the lower energy peaks as
phonon replicas. The energies of the NP peaks agree
with calculated type-II recombination of electrons in the G
X valleys with holes in the InP, as depicted in Fig. 2.

Since the wetting layer is always thinner than 3 nm~see
Sec. III B!, these 2D InP films in GaP could be expected
also be type II and the PL is attributed to radiative recom
nation of heavy holes in the InP wetting layer with electro
in the GaPX valleys. As noted above, however, the wettin
layer could also be coupled with the QD’s, leading to a mo
complicated situation.

We now turn our attention to the emission from the In
QD’s. All PL spectra of QD samples indicate a simple Gau
ian shape whose width is determined by the size distribu
in a QD ensemble.15 At low excitation density (3 W cm22),
the full width at half maximum of InP/GaP QD luminescen
varies between 40 and 70 meV, depending on growth co
tions.

Figure 4 shows the temperature evolution of the PL fro
InP/GaP QD sample using an excitation density
10 W cm22. As the temperature is increased from 5 K, t
luminescence shifts from the wetting layer to the QD’s d
to the interplay between various capture and recombina
channels. At 80 K, the PL from the wetting layer vanishe
This behavior is similar to what we observe in the InA
GaAs system and is also reported for the GaSb/Ga
system.16 The data of Fig. 4 also shows that the PL linewid
is rather insensitive to temperature, an observation typica
PL from QD’s. In the temperature dependence of the PL, t
distinct temperature regimes can be recognized. In the
regime~5–80 K!, the overall PL intensity increases, wherea
in the second regime~80–300 K!, it decreases~see Fig. 5!.
The integrated PL intensity is proportional to the number
excited electron-hole pairs that radiatively recombine. T

P
e FIG. 4. Temperature dependence of the PL spectra of InP/
QD’s resulting from 2.1-ML-InP coverage.
6-4
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InP QUANTUM DOTS EMBEDDED IN GaP: OPTICAL . . . PHYSICAL REVIEW B 67, 085306 ~2003!
radiative recombination, and with it the total PL intensity,
determined by the following two effects.

~1! The increase of PL intensity with increasing tempe
ture, at lower temperatures, may result from electrons
were in the GaP barrier and in the InP wetting layer th
mally escaping into the QD’s, where the recombination r
is much higher. On the other hand, the rise of PL intens
could also be due to the existence of QD’s with type-II ba
alignment or existence of vacancies in the InP QD’s, wh
captured electrons are thermally released. In this case
captured electrons are localized lower thanG valley in the
InP QD and recombine nonradiatively.17 Only when the elec-
trons can gain energy and are released into theG-valley state
in the InP QD, for example, by thermal activation at high
temperature, the electron-hole pairs are able to recom
radiatively, resulting in the higher overall-PL intensity.

~2! The decrease in the PL intensity at higher tempe
tures is mainly due to thermalization of the holes out of
InP QD’s into the surrounding GaP matrix, where the reco
bination oscillator strength is much smaller.

For temperatures below 80 K, the first effect is strong
than the second one. Therefore, we observe an increa
integrated PL intensity, whereas for temperatures above
K, the second effect dominates and we observe a decrea
integrated PL intensity.

Using the temperature dependence of the luminesce
intensity, we determine the activation energy of heavy ho
in the QD’s. For temperatures higher than 220 K, the loc
ization energy of electrons can be neglected compared to
localization energy of heavy holes. Thus, the slope of a p
for temperatures higher than 220 K gives the activation
ergy for heavy holes; we obtain an activation energy
398620 meV, which is the energy difference between t
heavy-hole sub-band and the valence-band discontin
DEv2Ehh1. This activation energy also corresponds to t
energy difference between the QD luminescence and the
indirect band-gap, indicating that the GaPX states have ap
proximately the same energy as theG-like lowest electronic
sub-band in the InP~see Fig. 2! in agreement with the ban
alignment modeling discussed in Sec. III B.

FIG. 5. Semilogarithmic plot of the integrated PL intensity ve
sus inverse temperature. The activation energy is derived from
slope of the solid line.
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The dependence of PL energy on excitation intensity
also useful in distinguishing type-I from type-II systems.
type-II systems, the formation of a dipole layer at the hete
interface leads to a pronounced blue shift of the PL pea18

This effect is also seen in type-II QD systems.19 Figure 6
shows the PL spectra for a sample with 2.1 ML of InP co
erage for excitation densities between 3 and 180 W/c2.
Only a small energetic shift is observed, consistent w
type-I QD’s. This small shift is due to band filling and pe
haps also due to the participation of excited states; both
cesses are also consistent with the increase of the emis
peak width from 39 to 75 meV with increasing excitatio
intensity.

D. Pressure-dependent PL

To further clarify the band alignment of InP/GaP QD’
we have investigated the samples using photoluminesce
measurements under hydrostatic pressure up to 10 GP20

High-pressure studies of the low-temperature PL of quan
dots are a powerful method for investigating the electro
sub-band structure and have been demonstrated in In
GaAs ~Refs. 21 and 22! and InP/In0.48Ga0.52P ~Ref. 23! sys-
tems.

At ambient pressure, the PL of the QD’s is peaked
about 1.922 eV and its intensity is two orders of magnitu
larger than that from the wetting layer. At a pressure betw
0 and 0.30 GPa, the QD emission diminishes abruptly
intensity and the energy of the PL maximum first blue sh
by about 20 meV. As the pressure is further increased, the
from the QD’s redshifts by about 5 meV before vanishi
altogether at around 1.2 GPa. Figure 7 shows the energ
position of the emission peak from the QD’s as a function
hydrostatic pressure.

In our picture, as described in Sec. III B, at normal pre
sure, theG valley in the InP QD’s lies at approximately th
same energy as theX valleys in the adjacent GaP. TheX
valleys of the InP are split due to the builtin biaxial strain
the dots and the four degenerateXxy valleys lie only slightly
higher in energy than theG valley. The effect of the hydro-
static pressure is to shift theG point in InP to higher energy
first until it lies higher than the InPXxy valleys. The effect is

he

FIG. 6. PL spectra from the sample with 2.1-ML-InP covera
~under high-PH3 flux! at different excitation densities. The dashe
line shows the energy shift.
6-5
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reflected experimentally in a blue shift and then an abr
decrease in intensity when the material becomes indir
The redshift of the QD-PL peak under further increase
pressure is typical for indirect transition ink space but spa
tially direct recombination processes from the conducti
bandX valleys to hole states at the Brillouin-zone cente24

As the pressure is further increased, the system undergo
type-I to type-II transition at 1.2 GPa. The reason that
energy of the GaPX valleys is more strongly decreased b
the increasing pressure than are the InPXxy valleys is that the
bulk moduli of GaP~88.2 GPa! and InP~71.1 GPa! are dif-
ferent, resulting in a decreased lattice mismatch under hy
static pressure. This reduced lattice mismatch reduces
energy splitting between theXxy and theXz states and thus
contributes to an increase in energy of the InPXxy states
which partially compensates the overall decrease in ene
with increasing pressure. The behavior of the PL as a fu
tion of pressure indicates that the peak at 1.922 eV~ambient
pressure! corresponds to direct optical transitions betwe
the two lowest electron and holeG-point states confined in
the InP dots and, thus, a type-I band alignment for the I
GaP QD’s. The pressure data also allow us to determine
positions of the different conduction-band states at amb
pressure. We find that the InPXxy valleys are about 20 meV
above the InPG valley and the GaPX valleys are about 30
meV above the InPG valley.

E. Time-resolved PL

Further insight into the band alignment and carrier d
namics in the InP/GaP QD system can be obtained thro
time-resolved PL measurements. As noted above, the ind
interface state predicted in Ref. 6 leads to significan
longer carrier lifetimes than the type-I system described
Sec. III B.

The low-temperature transient~10 K! from QD’s in the
2.1-ML-InP/GaP QD sample can be described as a biex
nential decay with two different time constantst i and t f
~Fig. 8!, whereas the transient from the wetting layer can
fitted by a simple exponential decay with time constanttW .
The initial (t i) and final (t f) decay times for the QD tran

FIG. 7. Hydrostatic pressure dependence of the maximum in
PL emission from InP QD’s on GaP with 2.1-ML-InP covera
~under high-PH3 flux!. The system is transformed from direct
indirect at a pressure of less than 0.3 GPa and from type I to typ
for pressures greater than 1.2 GPa.
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sient are about (2.060.2) ns and (4.360.2) ns, respectively.
The decay times are essentially independent of detection
ergy between 1.9 and 1.95 eV and the observedt i for the
other QD samples was also in the range of 2 ns. The ca
decay time in the wetting layer is about 25 ns. Additional
we have observed for structures with two-dimensional I
MQW’s, a decay time of about 20 ns.

The observed carrier lifetime of 2 ns in the InP/GaP QD
is similar to the carrier lifetimes in the range of 1–2 n
which have been reported for type-I InAs/GaAs QD’s.25–27

On the other hand, the 2 ns is somewhat longer than
measured carrier lifetime of type-I InP/In0.48Ga0.52P QD’s,
which are in the range of 100–500 ps.

Type-II systems typically show much longer carrier lif
times as measured using time-dependent PL. As noted ab
the carrier lifetime in the InP/GaP MQW samples is about
ns. Based on the calculation described above and on
longer lifetime, we believe that the thin QW’s are type II. O
the other hand, the radiative emission in these InP QW’
much more intense than one expects for a type-II transi
and the pressure dependence of the wetting layer PL can
be interpreted as pointing toward a type-I, but indirect tra
sition. In type-II GaAs/AlAs QW samples, where recomb
nation via the higher-lying type-IG state also contributes
carrier lifetimes in the microsecond range were measure28

The detailed time dependence of the QD PL can be
derstood as follows. The decay time for an isolated InP Q
is about 2 ns. This time is seen in the low-temperature m
surement in Fig. 8. The coupling between different QD’s
different states in the QD’s lead to the 4.3-ns-decay tai
longer times, similar to the InAs/GaAs case described in R
27 and especially Ref. 29. At 40 and 70 K, the faster de
time of 2 ns is masked by the long rise time of the carr
concentration in the QD’s. The capture of carriers into t
dots is due to the thermally activated transfer of carriers fr
the GaP matrix and the wetting layer and is assisted
acoustic phonons to conserve crystal momentum. The t
mally activated increase in carrier concentration in the Q
is also reflected in the three fold increase in luminesce
intensity at 80 K compared to 10 K.

e

II

FIG. 8. The PL transients from a InP/GaP QD sample contain
2.1-ML-InP coverage at three different temperatures. The PL is
cited using a photon energy of 3.1 eV and the transient is dete
at peak maximum. The lines show the fits with corresponding ti
constants.
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As noted above, although the decay time of 2 ns is s
nificantly shorter than one can expect for a type-II system
is also longer than the 500 ps time measured in
InP/In0.48Ga0.52P QD system. This difference is not difficu
to understand when one considers that theX states of the GaP
lie only 30 meV higher in energy than theG states of the InP,
and the Bloch part of the excitonic wave function contains
admixture of Bloch states including components from
GaPX states. In this way, the matrix element coupling t
electron and hole wave functions is reduced as compare
that in the InP/In0.48Ga0.52P QD system, where the electron
part of the wave function is derived to a greater extent fr
the InPG states and the admixed barrier states are also
cated atG.

Thus, the time-dependent PL measurements are also
sistent with the InP/GaP QD system being a direct and typ
system, but with conduction-band states in the GaP lying
much higher in energy. This result is entirely consistent w
the other measurements of this system: The intensity of
stationary PL, its temperature dependence, its dependenc
excitation intensity, and its pressure dependence.

IV. CONCLUSION

Photoluminescence from self-assembled InP quan
dots in GaP is demonstrated and investigated, together
their growth and structural properties. The QD’s are prepa
using gas-source MBE and appear to form via the Stran
Krastanow mechanism after a critical InP coverage of
ML is reached. A two-dimensional InP wetting layer coexis
with the InP QD’s as is usual in Stranski-Krastanow p
cesses.

InP deposition below the critical thickness for QD form
tion results in strained InP QW’s which also lumines
strongly between 2.17 and 2.28 eV. This emission res
from the spatially indirect recombination of electrons fro
the GaPX valleys with holes in InP and several phono
replicas. The energy of the no-phonon line of each PL sp
trum can be calculated using a realistic multi-vall
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