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Strain-dependent optical emission in In_,Ga,AsInP quantum wells
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InGaAs/InP strained-layer modulation-doped quantum wells were studied by photoluminescence. The com-
bination of the built-in strain and the quantum confinement in this system leads to a strong valence band
mixing yielding direct and indirect band gap structures. We demonstrate that the optical emission line shape is
strongly dependent on the valence band dispersion and it is a good method to distinguish between direct and
indirect structures. The application of an external biaxial tensile strain to the samples provides an additional
evidence of direct-to-indirect band gap transition in strained heterostructures.
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I. INTRODUCTION ternal biaxial tensile stress applied to a direct-gap sample
induces a direct-to-indirect crossover. This behavior is
Strained 1n_,GaAs/InP heterostructures grown on InP equivalent to the one obtained by increasing the Ga concen-

substrates are very suitable materials for band gap enginedfation in the InGaAs/InP QW samples. The external strain
ing and device applications** InGaAs alloy layers can be applied to the QW’s represents an alternative method to con-
grown under either a tensile or a compressive biaxial straiffol the carrier radiative lifetime and the valence band effec-
by changing the Ga content. Here we consider arfive mass in this system.
In;_,GaAs/InP quantum wel(QW) where the In_,GaAs
is the well material. The QW confinement breaks the valence 1l. EXPERIMENTAL DETAILS
band center-of-zone degeneracy and the top valence level is
heavy-hole-like. For the QW width considered here, the next The samples were grown by low-pressure metal-organic
level is light-hole-like. In addition, the heavy-hole and the chemical vapor depositioflLP-MOCVD) on (001) InP:S
light-hole subbands shift toward®pposite tp each other substrates. The structure of the investigated samples consists
when the InGaAs layer is under tensimpressivestrain.  of an InP buffer layer(1.9 um thick), a lattice-matched
By carefully tailoring the sample parameters such as the wellNg 55Ga 4As (3.8 um thick), a 10 nm thick InP, a 10 nm
width and the Ga concentratidr) in the In,_,GaAs alloy,  thick Si-doped InP, a 10 nm thick InRa 6 nm thick
one may reach a condition of indirect band gap energy strudn; - xGaAs QW, a 10 nm thick InP, a 10 nm thick Si-doped
ture. The designed band gap flexibility of the InGaAs systeninP, and a 30 nm thick InP capping layer. The doped InP
enables one to control the photocreated carrier radiative lifelayers (Ng;=10'® cm™3) are responsible for the formation
time. Indirect band gap transition in InGaAs/InP heterostrucof the 2DEG in the QW, with an electron density mf=5
ture has been theoretically predictéd and experimental 10" cm™ 2™ We have studied a set of five samples with

evidence has been reported for undoped sanfples. Ga concentration varying from 0.4direct gap to 0.60(in-
In this work, we present an optical study of the valencedirect gap.
band structure of strained-layer InGaAs/In-type PhotoluminescencéL) experiments were performed us-

modulation-doped QW'’s. By varying the Ga concentration,ing the 632.8 nm line of a He-Ne laser as the excitation
the biaxial tensile strain in the QW layer can be increasegource. The optical emission was detected by a cooled Ge
leading to drastic changes in the band structure of this sygshotodiode coupled to a 0.5 m single spectrometer. The bi-
tem, mainly in the valence band dispersion. Due to the presaxial tensile strain was externally applied to the samples by a
ence of a high-density two-dimensional electron (2B3EG)  specially designed low-temperature pressure cell. All mea-
in the studied samples, the electron-hole pair recombinatiogurements were carried out 2 K temperature(liquid He

is governed by the photocreated hole distributiok Bpace.  immersion cryostat

InGaAs/InP heterostructures allow us to optically study the

evo.lutl'on of the vaIepce band structure from a dl_rect—gap to Ill. RESULTS IN DISCUSSIONS

an indirect-gap configuration. The calculated optical spectra

evolution of modulation doped InGaAs/InP QW's as a func- Figure 1 shows the PL spectra of five samples with dif-
tion of biaxial tensile strain qualitatively agrees with the ob-ferent Ga concentration. The peak position of the emission
served experimental results. We also demonstrate that an ebre shifts to higher energies as the Ga concentration in the
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' ' ' becomes heavier, allowing the holes to be distributed over a
x=0.47 larger range ok values which broadens the optical transition
due to the electron-hole recombination at differkist This
interpretation also agrees with the fact that the PL line width
of the sample withrx=0.51 is broader than the one with
=0.47. Following this tendency, by further increasing the Ga
content, the valence band reaches the direct-to-indirect gap
transition, exhibiting an almost flat energy band dispersion.
' , ; In this case, the holes are distributed over an even larger
0.85 0.90 0.95 range ofk values, allowing for optical transitions frork
Energy (eV) =0 to kg. The net result is an almost squarelike PL line
FIG. 1. Photoluminescence spectra of samples with different Gghape, .as §hown n th.e PL spectrum of the sample with
composition. =0.54 in Fig. 1. For highek, the top of the valence band
shifts to ko# 0, thus leading to an indirect band structure,
allowing distribution of the photocreated holes okeround
ko, wherek, is the wave vector at the top of the valence

PL Intensity

In,_,GaAs alloy QW increases. This shift is a combination

of two dlfferent effects. The dominant contribution comesband_ The hole occupation decreases astialue tends to
from the increase of the gap energy of, InGaAs alloy

with x. The built-in biaxial tensile strain also increases with 270 @nd fork=ko. Since there are electrons available for

(due to the increasing lattice mismatch relative to the InBe€combination from zero t&g, andke is smaller thark,
barriers. However, it acts in the opposite direction, lowering (S€€ below, the PL intensity is higher a~kg. The PL
the band gap energy. Although the strain has little effect offMiSSion intensity decreases with decreasinn this case,
the net energy shift, it also changes the relative separatiof€ PL emission must exhibit a peak around the Fermi energy
between the bands, which leads to strong modifications ond @ tail towards the low-energy side of the spectrum. This
the valence band dispersion. behavior can be clearly observed in the PL spectra of the
The most remarkable feature shown in Fig. 1 is the draS@mples withx=0.57 andx=0.60 in Fig. 1.
matic evolution of the PL line shape as the Ga content is In order to verify the interpretation discussed above we
increased. This behavior can be qualitatively explained by@lculated the valence band structure of our samples using
using the schematic illustration shown in Fig. 2. Since thethe six-bandsk-p method}®"*?including the heavy, light,
electron energy states are filled up to the Fermi energy, thand split-off hole bands. In addition to the strain effects, we
line shapes of the optical transitions are determined by thalso included the self-consistent potential from the 2DEG.
photocreated hole distribution. After been created, these cabPue to the narrowness of the QW this effect is small and it
riers relax their energy and momentum and occupy the top oivas neglected afterwards. The conduction band is assumed
the valence band. For direct-gap samples the holes are diparabolic. The photoluminescence is calculated directly us-
tributed around=0 and the recombination takes place closeing the Fermi golden rufé and assuming that the photocre-
to E, (effective gap energy but broadened to higher ener- ated carriers are thermalized to the lattice temperature. This
gies (the hole population decreases with increadiaigThe is a reasonable assumption since the “intrinsic” 2DEG
high-energy tail of the PL spectrum is, therefore, related tdoriginated from modulation dopingand the photocreated
the hole quasitemperature, which is assumed to be thearriers reach a common temperature through electron-
sample temperature. The samples with0.47 and 0.51see  electron and electron-hole interaction. The experiments are
Fig. 1), which are expected to exhibit direct interband tran-performed under low excitation intensity and the photocre-
sitions, have a PL line shape consistent with this descriptionated carrier concentration is an order of magnitude lower
As the Ga concentration increases the hole effective maggan the “intrinsic” 2DEG. We used a Fermi-Dirac distribu-
tion function for carrier occupations in their respective
bands. Figure &) shows the calculated valence subband dis-
E persion for InGaAs/InP heterostructures with different Ga

= CB F concentration. It is clearly evident from this figure that as the
Ga content increases the separation between the first heavy-
hole and light-hole subbands decreases due to the increasing

Emission biaxial strain, leading to the crossover of the bands that is

responsible for the direct-to-indirect gap transition. For both
x=0.57 and 0.60 the top of the indirect valence band is

K located at k,~0.04 A"1  which is larger than kg

VB ~0.02 A1 (electron gas density 5x 10 cm™?), so that
Direct-gap Indirect-gap these calculations support the interpretation of the PL line

shapes given above. FigurébB shows the calculated PL

FIG. 2. Schematic illustration of the optical transitions in direct Spectra for the same Ga content values of QW’s as in Fig.
and indirect band structures in the presence of a two dimensiona(a). The calculated PL line shapes are in good qualitative
electron gas. agreement with the experimental results shown in Fig. 1.
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FIG. 4. Normalized photoluminescence spectr& & for the
sample withx=0.51 under an external biaxial strain. The inset
- | | illustrates the scheme of the pressure cell.
."é
~°C-’- buffer layer. The QW is located close to the buffer layer and
-t . the variation on the strain strength between these two layers
o is smaller than the experimental precision. The normalized
PL spectra of this sample as a function of the external strain
L . . : . are shown in Fig. 4. There is a strong dependence of the PL
08 090 095 1.00 line shape with the applied tensile strain. For low tensile
Energy (eV) strains the tail of the PL emission is located at the high-

energy side of the spectrum. However, as the strain is in-

FIG. 3. (a) Valence band dispersion in InGaAs/InP QW's for Ga creased the PL emission line shape changes and for high

compositionx=0.47, 0.51, 0.54, 0.57, and 0.6() Normalized  strain values, the tail appears at the low-energy side of the
calculated optical emission of InGaAs/InP QW's for the same Gap|_ spectrum and the peak intensity decreases a fac8b.

concentrations. The decreasing of the PL peak intensity is expected for the

Direct-gap quantum wells have a peak around the band gdﬁdirect band gap structure. The crossover of direct-indirect
and a tail at the high-energy side. In contrast, indirect-gaap occurs for external strain between 0.34 and 0.3866
samples show a low-energy side tail and a PL emission pedkig. 4. Assuming that the crossover strain-s0.36% the
close to the Fermi energy. The theoretical PL spectra showastimated value of the equivalent increasing Ga composition
in Fig. 3(b) is sharper than those observed experimentallyin the ternary alloy is~0.05. Adding this value to the Ga
(Fig. 1). This difference is attributed to other physical composition of the sample it gives an alloy witk=0.56. It
mechanisms involved in optical emission, which are not in-is in good agreement with the theoretical values 0.55.
cluded in our calculation, such as phonon-assisted emissiolfhese results, therefore, are consistent with the theoretical
many-body effects, and particularly carrier localization ef-prediction discussed above and unambiguously demonstrate
fects. InGaAs/InP systems present strong inhomogeneoyfe transition from direct-to-indirect gap in the same sample,
broadening due to the disorder of the ternary alloy, interfacgysiyven solely by the biaxial strain.
fluctuations and defects induced by strain, which give rise to
carrier localization. These effeétxhange the hole distribu-
tion in the energy levels and contribute to changes in the
emission line shapes, mainly in the tails intensity strength of
the PL spectra. ) . .
As an independent experimental verification of our inter- In conclusion, we presented experimental and theoretical

pretation, we also carried out PL measurements in the sampfe/idence of the direct-to-indirect band gap structure transi-
with x=0.51 under an externally applied biaxial strain. Totion in n-type modulation doped InGaAs/InP quantum wells

perform these experiments we used a pressure cell based Bfing optical technique. PL measurements under externally
a plate bending method using a ring and a spk&r The apphe_d tensile biaxial strain confirms the existence of direct-

sample is fixed on the ringsee the inset of Fig.)dand itis  to-indirect band gap crossover.

bent by pushing the sphere against the back side of the sub-

strate. Using this procedure, a biaxial tensile strain is induced

in the film. We usd a 8 mmdiameter ring and a sample ACKNOWLEDGMENTS

dimension of X1 cn?. The strain[defined as &syained
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IV. CONCLUSIONS
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