PHYSICAL REVIEW B VOLUME 60, NUMBER 19 15 NOVEMBER 1999-I

Effect of the insertion of an ultrathin AIP layer on the optical properties
of GaAsP/GaP quantum wells
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We have systematically investigated the correlation between electronic states and optical properties in
indirect GaAsP/GaP quantum we{®W'’s) which have an ultrathin AIP layer inserted during fabrication. The
insertion of 1 monolayetML) of AIP at the center of a 60-A GaAsP QW drastically increased the photolu-
minescence intensity, and in particular the efficiency of the no-phdNh transition. The NP intensity
relative to its TO phonon replica was found to be greatly dependent on the structural parameters and was
drastically reduced when the arsenic composition of the well region exceeded 15%. The relative NP intensity
was found to increase sharply as the width of the AIP layer was increased above 2 ML'’s. These results suggest
that the efficiency of the NP transition is improved when Xjeelectrons are involved in radiative recombi-
nation rather than thi,, electrons[S0163-18299)10043-2

[. INTRODUCTION and holes in type-ll heterostructures, the neighboring con-

finement structureNCS), where electrons and holes are

Indirect band-gap materials such as GaP-based and SiGeeparately confined in neighboring quantum we{B\’s),

based systems are of great practical importance since thayas proposed®The PL intensity of a NCS has been shown
have potential to operate in a range of desirable wavelengti§ be comparable to or even larger than that of superlattices.
and they provide an opportunity to integrate optical and elec- Recently, we proposed a quantum structure that uses a
tronic devices. Methods to obtain efficient light emissionheterostructurg as a localization center for electrons. The
from these indirect semiconductors have been therefore pupiructure consists of a monolayer of AP at the center of a

sued by many researchers. One well-known method is th/Pe-! indirect GaAsp/GaP QW-We have reported prelimi-

introduction of an isoelectronic trap which relaxes the selec@ry results showing that insertion of a monolayéL ) of

tion rule of momentum-conserving optical transitions byAIP has enhanced NP transition efficiency, as well as a dras-

mixing the states of differerk vectors. In particular, incor- tic increase in mtggrated PL intensiy.A similar wave-
orating nitrogen into GaP-based systems as an isoelectronf'unCtlon engineering has been proposed by_ Ferdd
b ng 9 : yste . o KiGaAs/GaAs system to enhance the energy shift due to the
s.ubstltu'ent ('anable.d.us tozfabrlcate visible light emitting dej it sion and to manipulate the intersubband transition
vices with high efficiency: _ _ _ _ energies. In this paper, we will apply the idea to control
Recently, different approaches involving various kinds Ofg|ectronic states of indirect semiconductors and investigate
heterostructures have been pursued. Due to the controllabilhe correlation between electronic states and optical proper-
ity of the band structures allowed by the recent progress ofies. For this purpose, a photoluminescence study of samples
such growth techniques as molecular-beam epitd#BE),  ith various arsenic compositions and AIP layer widths was
new concepts based upon heterostructures have been pgyrried out.
posed and their feasibilities have been assessed. It is theo-
retically expected that periodic superlattices composed of
two indirect semiconductors might fold the conduction-band
minima into the zone center, resulting in the formation of The samples consisted of strained GaAsP/GaP QW’s with
direct-gap  superlattices  from indirect-gap  binary or without an additional AIP layer inserted into the center of
constituents. Experimentally, attempts have been made athe well. In our experiment, the arsenic composition was
growing superlattices in the lattice-matched GaP/AlPvaried up to 23%, and the AIP layer width was 0—3 ML's.
syster® as well as in the strained-SiGe/Si syst&in. both Typical band discontinuities at GaP/GaAsP/AIP interfaces
systems, photoluminescend®Ll) with an enhanced no- are illustrated in Fig. 1. Since the structures are grown on
phonon(NP) transition has been observed at low tempera-GaR001) substrates, the GaAsP and the AIP layers are under
tures, though the origin is likely to be localization of excitons biaxial compression which reduces the symmetry and splits
at local potential minima caused by the inevitable fluctua-degenerate bands. The band discontinuity at the GaAsP/GaP
tions of the thickness and/or the alloy compositioBptical  interface was calculated by using deformation potential
properties of AIP/GaP type-Il single quantum weBQW’s)  theory including strain-induced band modifications. The
have been also investigated, and the observed high efficiendyand offset ratio at th& point was assumed to be 0.60.
of the NP transition is also interpreted to result from local-The conduction band offset at the AIP/GaP interface was
ization of indirect excitons by fluctuations in the potential atchosen to be 0.36 eV based on PL results of type-Il AIP/GaP
the interface$. To enhance confinement of both electronsQW's with various AIP widths® The resultingX conduction

II. BAND STRUCTURE
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FIG. 1. The band lineups at GaP/GgaAR, JAIP interfaces. The
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fraction was controlled by regulating the partial pressures of
the source gases. Prior to growth, the surface of the substrate
was thermally cleaned at 670 °C for 10 min. The samples
consisted of a 3500-A GaP buffer layer, a 60-A strained
GaAsP well layer with or without an ultrathin AIP layer at its
center, and a 500-A GaP cap layer. At all interfaces, a
growth interruption of~20 s was performed to obtain a
stable flow rate of source gases. The growth temperature of
630 °C was used.

PL spectra were measured in a standard lock-in configu-
ration. The samples were excited with the 325-nm line from
a He-Cd laser and the PL signal was analyzed by a 0.3-m
monochromator and detected by a photomultiplier. Typical
incident power of the laser and beam diameter were 10 mW
and 3 mm, respectively.

IV. RESULTS AND DISCUSSION

using deformation potential theory assuming that the band offset

ratio at thel” point is 0.60. The conduction-band offset at the AIP/

GaP interface was chosen to be 0.36 eV.

band splits into a fourfolX,, band and a twofolX, band
wherez is parallel to the(001) growth direction. A detailed main peaks. They are assigned as an NP line and its trans-
photoreflectance and PL study of GaAsP/GaP multiple QW'y/erse acousti¢TA), longitudinal acoustidLA), and trans-
revealed that the band lineup of QW’s with low arsenic com-verse optical(TO) phonon replicas from the higher energy
positions is type-l at both th¥ and T points, and that the Side, respectively® It is very likely that the TO phonon rep-
conduction-band minima lie around tiepoint!* Since the
X, band lies above th& minimum of GaP, only theX,, Ne | _ _ nat
band participates in optical transitions in simple GaAsP/Gafion is dominant in these samples. This figure clearly dem-
type-l QW's. The efficiency of the NP transition in these onstrates that the spectral features are considerably changed
QW's is, however, lower than that of a NCS or type-II su- by the insertion of 1 ML of AIP. The AIP layer increases the
perlattices. It is thought that the localization of excitons andntegrated PL intensity drastically. In particular, the effi-
the resultingl’-X mixing effect are essential to the NP tran- ciency of the NP transition is conspicuously improved,
sition efficiency®° The insertion of AIP might bring about Which is firm evidence of an enhancédX mixing effect
intentional quantum confinement of electrons as well as indue to the localization of electrons around the AIP layer.
evitable fluctuations of potential energy at the interfaces.

Ill. EXPERIMENTAL PROCEDURE

grown on Gaf00l) substrates by gas-source MBEG-
Semicon V80H using AsH; and PH as source gases. The 4 shows the NP intensity relative to its TO phonon replica
source gases were introduced into the growth chamber fromersus the arsenic composition of the well region. The thick-
a pressure-controlled subchamber and cracking cells wemess of the AIP layer was 1 ML. It is seen that the relative
operated at 1000 °C for thermal decomposition. The arseniblP intensity is drastically reduced when the arsenic compo-
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The 5-K PL spectra of the QW’s with and without the
presence of a 1-ML AIP layer are contrasted in Fig. 2. The
arsenic fractions of the samples ar®%, and~19%. The
spectrum of the sample without an AIP layer consists of four

lica overlaps the longitudinal opticdLO) phonon replica.
The prominent phonon replicas show that the indirect transi-

Effective isolation of excitons from nonradiative pathways
would also contribute to the increase of PL intensity.

Figure 3 shows the PL spectra dependence versus the ar-
senic composition for the samples with 1 ML of AIP. As the

The GaAsP/GaP QW's with and without AIP layers werearsenic composition increases, the NP peak shifts towards

lower energy and the relative NP intensity decreases. Figure
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LOTO FIG. 2. PL spectra of GaAsP/GaP QW's with
and without 1 ML of AIP at the center of the
S arow well. The AIP layer drastically enhanced the PL
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FIG. 5. Arsenic composition dependence of the NP peak energy
FIG. 3. Arsenic composition dependence of the 5-K PL spectraOf the samples with 1 ML of AIP. Calculated transition energies
of the samples with 1 ML of AIP. As the arsenic composition of the between the ground state ¥felectrons and heavy holes are also

well region increases, the NP peak shifts toward lower energy. Th@€Picted. Around an arsenic composition-o0%, a changeover of
variation of the relative NP intensity is also seen. the lowest elec_tron states between ¥yeand theX,, is anticipated
by the calculation.

sition exceeds 15%. This indicates that electrons are mor.

strongly localized at AIP layer for smaller arsenic com osi-ﬁﬁe ratio of the intensities of NP line to its phonon replica
gy y POSIy a5 observed’

tions. This regult ?S in good ag_reement with _th_e band align- We calculated the electron ground state by using the en-
ment shown in Fig. 1. In particular, the splitting of thé 61556 function approach and a discussion of the correlation
conduction minima might be responsible for this behavior. Inpatveen electronic states and optical properties in the QW's
samples with high arsenic compositions, the lowest electrofy|ows. In Fig. 5, the NP peak energy dependence on arsenic
state is theX,, state because c_Jf the Iarg_e_strain-induced SP|_it'composition is shown. Calculated, electron-heavy hole
ting. However, in samples with a sufficiently small arsenic pp) and theX,, electron-hh transition energies as a function

composition the quantized, ground state is the lowest- f arsenic composition are also depicted, and the changeover
lying electron state. This is because the effective mass of thgs e lowest-lyingX electron states is anticipated at an ar-

X, electron(longitudinal effective magss heavier than that ggpic composition of-10%. The redshift behavior of the NP
of the Xy, electron(transverse magsTherefore a change- peak is correctly reproduced by the calculation. However, a
over between the&X,; and theX,, states is expected at an sjgnificant deviation is also seen to exist between the experi-
intermediate arsenic composition, which is related to thenental and calculated results. The calculated exciton binding
drastic reduction of the relative NP intensity. The changeenergy was found not to fully explain this difference and an
over between theX, and theX,, states was initially dis- additional binding energy due to the fluctuation of the poten-
cussed for AlAs/GaAs systems where a significant change iflg| at the interface might be responsible.
The arsenic composition dependence of the calculated en-

80 velope function of the lowest lying electron state is described
Gahs.P/GaP QW in Fig. 6. It is noted in this figure that strong localization of

with T MLAIP | electrons in the AIP layer occurs in samples with lower ar-
senic compositions since the lowest-lying electron state is at
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FIG. 4. Arsenic composition dependence of the NP intensity
relative to its TO phonon replica. The relative NP intensity is dras- FIG. 6. The arsenic composition dependence of the envelope
tically reduced when the arsenic composition exceeds 15%. Thifunction of electrons. Strong localization of electrons in the AIP
indicates that electrons are more strongly localized in the AIP layetayer occurs in samples with lower arsenic compositions. At these
for smaller arsenic compositions. compositions the lowest-lying electron state is at Xjepoint.
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FIG. 7. The dependence of the NP peak energy on the AIP layer ] ] ]
width. The arsenic composition is 20%. The changeover between F!G: 8. The dependence of the relative NP intensity on the AlP

the X, and theX, states occurs at an AlP layer width 62 ML's. layer width. The relative NP intensity is larger in the samples with
AlIP layer widths thicker than 2 ML'’s, where the lowest electron

. . . state is theX,.
the X, point. This is because GaAsP layer acts as a relatively z

higher barrier forX, electrons and prevents the electronsQW, and increases with increasing arsenic compostfion.
from leaking outside the AIP layer. Therefore especially highTherefore the structural parameter should be carefully cho-
efficiency NP transitions are obtained in samples with suffisen to obtain the efficient NP transition and the good stability

ciently low arsenic compositions. against temperature.
To confirm the correlation between the relative NP inten-
sity and the electronic state which participates in optical tran- V. CONCLUSION

sitions, we carried out a PL study on samples with different . . .
AlP layer widths. Figure 7 shows the dependence of the NP. V\o/:xﬁr\:eaitt?;rei;;e Aﬂgt'fsleﬁr?fseeﬂzz ?I) tae(:r(é:?eszll(esip
peak energy on the AIP layer width. Thg, electron-hh and Q y

o . ron localization and found significant enhancement of the
the X, electron-hh transition energies were also calculate iminescence. especially the NP peak. The arsenic composi-
for an arsenic composition of 20%. It is clear that the experi- €SP y pea. P

mental data closely matches the results of our calculatiorllIon dependence of the NP transition efficiency was shown to

. . closely reflect the envelope function of electrons calculated
including the changeover between tigand theX,, states by including the effect of strain and the resultant splitting of
at the AIP layer width of~2 ML's. y 9 PItNg

The dependence of the relative NP intensity on the AIPtheX conduction minima. An especially high NP transition
layer width is shown in Fig. 8. It is also seen in this figure efficiency was obtained in samples where the lowest-lying
that the relative NP intensity is larger in the samples Withzfcg?nn éf&illfé .h-li-hri;str?aer??;éeégﬁacg;d:m?erygr?t?r?
AlP layer widths thicker than 2 ML'’s, where the lowest elec- 9 9 Y 9e. p 9

tron state is theX,. This supports our idea that the enhance—eIECtrons from leaking outside the AIP layer.
ment of the NP transition is achieved when gelectrons
are involved in the optical transitions.
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