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Electronic structure of self-assembled InfPGaP quantum dots
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The electronic structure of self-organized InP/GaP quantum @Bs has been studied by means of
photoluminescencé€PL) measurements as a function of hydrostatic pressure up to 8 GPa, temperature, and
laser excitation power. At ambient pressure the PL emission of the sample arisedirfgonoptical transitions
between the lowest electron and hblgoint states confined in the QD's. At a very low pressure of about 0.15
GPa, thel-X conduction-band crossover occurs, after which the PL emission of the dots becomes roughly 20
times weaker in intensity and its energy exhibits the slight redshift typical of indirect recombination processes
from the conduction-ban¥ valleys. Our results indicate a type-l band alignment for the strained InP/GaP dot
structure at low pressure and yield a value of 380 meV for the valence-band offset. Upon further increase
in pressure above 1.2 GPa we observe the quenching of the dot emission, which is taken as evidence for a
type-1-type-Il transition.
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[. INTRODUCTION (in reciprocal spageof the optical transitions involved in the
emission or absorption process, for it determines the light-
The self-organized growth of quantum d@D) struc- conversion efficiency. A|thOUgh InP is a direct band—gap ma-
tures which exhibit large quantum efficiencies for light emis-terial, the large built-in strain in the dots would split the
sion and zero-dimensional density of states, among other in}2/1€Ys b&’} a CbOUFI)I? of hL:jndrtgds k;)f rge\(, which (_ar\;]entuallylld
portant properties, has had large impact on semiconductgl°cOMe the absolute conduction-band minimum. ThiS wou
: -~ Tead to a less intense indirect recombination within the dots.
nanotechnology.Whereas the InAs/GaAs system is subjectI

. . . o n fact, very basic information about band aligments in the
of extensive study, bright optical emission from InP dots eMained InP/GaP system and a clear picture for the stress

bedded in GaP has been demonstrated only recefhe  effects are still lacking. The application of high hydrostatic
use of GaP as substrate has potential advantages by takipgessure has proved to be very useful for the determination
benefit of the well-established light-emitting diode technol-of QD band structure parameters and for gaining insight into
ogy. The larger direct band gap of GaP as barrier and suliheir electronic and optical properti€s® Key information
strate material would also lead to stronger carrier confinetike the direct-indirect character of the optical transitions can
ment and easier light extraction in vertical-cavity lasers, forbe readily obtained by tuning the energy levels with pressure
instance. Due to the 7.7% lattice mismatch between InP anthrough thel’-X conduction-band crossover due to the very
GaP, self-assembled QD formation is achieved with thesdifferent dependences on pressure of the conduction-band
materials by the Stranski-Krastanow mechanism undeminima at thel' and X points of the Brillouin zoné. The
proper growth conditiond For structures using jnGay s  valence-band offset can also be determined directly from
as barrier material, which is lattice matched to a GaAs subphotoluminescencéPL) data for pressures above tlie X
strate, intense luminescence from the InP islands has be@nossing provided the type-l and type-Il indirect emissions
reported at photon energies between 1.6 and 1.85le¥he  within the barrier and between barrier and dot, respectively,
case of having pure GaP as matrix, the larger built-in strairare simultaneously observéd-?
of the InP dots is expected to shift the energy of the funda- Here we report the dependence on pressure of the PL
mental optical transition close to that of the indirdttX  emission of InP dots embedded in a GaP matrix as a function
band gap. This would eventually result in a less efficientof temperature and laser excitation power. The results indi-
radiative recombination if the optical transition is indirect in cate that at ambient pressure conditions the band alignment
reciprocal space and/or it would even lead to a type-Il carriefs of type | and that the intense emission arises from direct
confinement with electrons and holes spatially separated. laptical transitions between confined states of the QD’s. With
fact, this seems to be the case for ultrathin InP/GaP quantuimcreasing pressure the dot structure undergoes successively
wells® The several phonon replicas apparent in PL spectra I'-X conduction-band crossover and a type-I-type-Il tran-
for submonolayer thicknesses of the InP layers and the versition at about 0.15 and 1.2 GPa, respectively, as determined
long carrier lifetimes of about 20 ns have been explained affom the behavior of the PL peak energies and intensities
resulting from spatially indirect recombination of electronsunder pressure. Furthermore, our data allow us to obtain an
from the GaPX valleys with holes in InP. estimate for the valence-band offset in the strained InP/GaP
Another issue of crucial importance for the performancesystem, which is in very good agreement with results of self-
of QD-based optoelectronic devices concerns the directnesonsistent band-structure calculatidis.
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(a) InP/GaP QDs

ToaK FIG. 1. (a) Photoluminescence

spectra of the InP/GaP QD sample
for different pressuresta K and
at high excitation density. QD and
WL stands for the PL emission
from the dots and the wetting
layer, respectively. Spectra have
been shifted by a constant offset
for clarity. (b) and (c) show an
ambient pressure and a 0.3 GPa
phonen \0_phonon PL spectrum i_n the energy rt_egion
of the QD emission, respectively.
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[l. EXPERIMENTAL DETAILS tween states of the wetting lay@nL). At ambient pressure

Hwe main emission of the sample peaks at 1.92 eV and its

in GaP grown on GaR00) substrates by gas-source molecu_W|dth is about 70 meV, exhibiti_ng an asymmetric double-
lar beam epitaxy at a temperature of 490 °C in the StranskiP€aK structuré,as clearly seen in Fig. (). Based on the
Krastanow mode. The nominal thickness of each InP layer i§€SUlts presented below, we interpret the PL spectrum at zero
2.3 monolayergMLs), and the separation between dot lay- Pressure  as due talirect optical transitions between _
ers is about 10 nm. Structural analysis indicates that the dofdrillouin-zone-center states of the dots. We note that this
are approximately 2820 nn? in lateral dimensions and implies type-I band alignment. At the laser powers of the
about 3—5 nm in height. The dot density is about 5experiment and for the low dot density of our sample we
% 10° cm™2. Further details of the growth and structure of €Xpect saturation of the dot emission to be achieved; thus the
the QD samples are given elsewh@Me point out that for  fwo peaks apparent from the 0 GPa spectrum are attributed
high_pressure experiments the as-grown Samp'es have begh recombination processes between the electron and hole
thinned down to a final thickness of 3fm by wet chemical ~ground statesep-hhg) and the first excited ones of the dots
etching instead of polishing them mechanically. This is to(€1-hhy), respectively. In fact, the peak corresponding to the
avoid the introduction of defects or any other alteration offirst-excited-state recombination becomes more pronounced
the highly strained original dots induced by tensions duringWVith increasing laser power density due to the saturation of
the mechanical thinning procedure, as reported recently foihe population of photoexcited carriers in the ground state of
the InAs/GaAs systentf the dots.

A platelet-shaped crystal 160100 xm? in lateral size At finite pressure a sudden blueshift of the PL peak maxi-
was fitted into a diamond anvil cell. Photoluminescence meamum by about 20 meV occurs together with a reduction of
surements were performed at different temperatures in € intensity by a factor of 16 and the narrowing of the band-
helium-bath cryostat. Helium was used as pressure mediun/idth. With increasing pressure the position of the QD peak
and the change of pressure was always performed above tg8ifts slightly to lower energies, as it is the case foX
He melting temperature in order to avoid nonhydrostaticdndirect transitions. Further evidence for the indirectness of
conditions. The ruby luminescence method was used fothe optical transition at finite pressure is obtained from a line
pressure calibratidft'® with temperature correction accord- shape analysis of the QD emission band. A representative PL
ing to Ref. 17. The 441-nm line of a He-Cd laser was usedpPectrum recorded at 0.3 GPa artd4aK is shown in Fig.
for excitation of the sample luminescence. The emitted lighi(c). The emission peak exhibits a slight asymmetry towards
was analyzed by a 1-m single-grating spectrometer equippe@wer energies due to a weaker line shifted down in energy

with a photomultiplier detector. The photocurrent was thenPy about 40 me\fthe energy of zone-edge phonons in InP
measured using a picoamperemeter_ (Ref 18] The main peak thus COI’I’eSpondS to the zero-

phonon line activated in quantum dots due to the breakdown
of translational invariance and the weaker feature at lower
energies is attributed to the one-phonon replica of the indi-
Figure Xa) displays low-temperature PL spectra of the rect emission.

InP/GaP QD sample taken with 5 kW/@raser power den- The wetting layer luminescence also shifts to lower ener-
sity for different pressures in the range up to 1.2 GPa. Theies with increasing pressure, which speaks for these transi-
prominent peak in the PL spectra corresponds to the emissidions being ofl"- X indirect character. This conclusion is fur-
from the QD’s, whereas the much weaker feature centered der supported by the results of PL measurements performed
2.2 eV at low pressure is assigned to optical transitions besn ultrathin InP/GaP layersOur WL emission line shape is

The sample consists of five periods of InP dots embedde

Ill. RESULTS AND DISCUSSION
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totally similar to the PL spectrum of a sample with 1.5- type-Il transition, at which the conduction-baXdvalleys in

monolayer-thick InP layers, whose peaklike features werghe wetting layer become lower in energy than the ones in

interpreted as different phonon replicas associated with ththe InP dots. In contrast, the intensity of the WL emission

indirect optical transition. The wetting layer represents a increases monotonically with increasing pressure.

kind of &like potential well for carriers in the GaP matrix. The small negative linear pressure coefficient of the QDs

This situation also holds for the conduction-baXdaninima  and the change from type-I to type-Il band alignment are a

since those of the InP WL are split by the built-in strain andconsequence of the reduction of the built-in strain of the InP

pushed down in energy with respect to tkesalleys in the  dot layers with increasing hydrostatic pressure. This, in turn,

GaP barrier. High-pressure experiments on an InAs monads the result of a difference in bulk modulus between InP

layer in GaAs combined with tight-binding calculations have(71.1 GPa and GaP(88.2 GPa!® Since InP is more com-

shown the existence of a bound state for electrons lying @ressible than GaP, under pressure the lattice mismatch be-

few meV below theX conduction-band edge of the barrier tween both materials continuously reduces and so does the

material’* Hence, we attribute the WL feature to optical compressive stress upon the InP layers. This biaxial com-

transitions between states bound to the highly strained InBression is at the origin of the splitting of the sixfold-

wetting layer, which are direct in spa¢ype |) but indirect ~ degenerate conduction-baidvalleys into aX,, quadruplet

in reciprocal spacéfrom the X to theI" point). In fact, the and aX, doublet, the former being lower in energy. The

WL emission is 50 meV lower in energy than the band gap ofX-valley splitting energyAEy is given by®’

GaP and the luminescence of the barrier is completely absent

in the spectra. AE,— = Cy1+2Cyp R
The energies of the PL peak maxima obtained from low- XTEuTTCT e

temperature spectra are plotted in Figa)2as a function of

pressure. Whereas the emission from the wetting layer shifts hydr 1

to lower energies at the rate 6f13.95) meV/GPa typical E(Xxy) =Ex""— §AEXv @)

for the I'-X indirect gap of GaP’® the QD line displays a

much smaller pressure coefficient e#.4(5) meV/GPa. The 2

pressure dependence of the PL peak intensities of the dots E(X,)=ER+ §AEX! (©)

and wetting layer is depicted in Fig(t8. The initial reduc-

tion in intensity in excess of one order of magnitude is also avhere E,, is the shear deformation potent‘?&lpij are the

clear indication of the occurrence of tHe X conduction-  elastic constant® and e, is the in-plane strain due to the

band crossover in the InP dots. Moreover, the quenching dattice mismatch. Using literature data we obtain for a 7.7%

the dot luminescence above 1.2 GPa is due to a type-Istrain an initial splitting o=840 meV, which corresponds to

I ' I ' I ' I ' I ' I ' 17T Y1 71T 717 7717 771

| InP/GaP QDs | 80 InP/GaP QDs A
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T 1 :‘:é o FIG. 3. (a) Temperature dependence of the in-
s [ e QD 1 -5 I tensity of the PL emission from the InP dots
s | O wettinglayer | o ] T (solid symbol$ and the wetting layer(open
%‘ 5 4 £ 4w} L . circles measured at 0.7 GPa. The solid lines are a
§ r g_ L ) guide to the eye(b) Dependence on pressure of
£ qE) o0 | | the temperature of maximum in the PL intensity
a = of the QDs. The solid line represents a linear fit to

of (@ - r ) ] the data points.
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0GPa 0.5GPa 1.5GPa when the energy barrier vanishes. A striking result is the
Tt initial increase in intensity of the QD peak. We take this as
oo-- evidence for an improvement of the carrier transfer from the

M— xE=0 T wetting layer into the dots, which becomes more efficient
X"; Koy with increasing temperature due to carrier delocalization.
Measurements at different laser excitation powers show a

F—FV quenched similar effect: at low temperatures the intensity of the QD
1.92e peak increases superlinearly with laser power, showing satu-

AR ration only above 70 K. In order to unravel the origin of this

r . . .

GaP InP GaP behavior, time-resolved PL experiments under pressure are

_ _ being considered.

FIG. 4. Sketch of thel’- and X-point conduction-band and We summarize our results for the electronic structure of
I'-point valence-band profiles of the InP dots for three differentthe InP/GaP QD sample with a series of level schemes for
pressure situations. Arrows indicate the assignment of the observafiree different pressures, as illustrated by the diagrams of
optical transitionsAE, stands for the valence-band offset. Fig. 4. At ambient pressure the band alignment in the InP/

GaP QD structure is of type | and the QD emission is very
a downward(upward energy shift of theX,, (X,) levels intense arising fronT-I" dlrecf[ opucal transitions betwgen
confined states of the dots. With increasing pressure this tran-

with respect to the centroid ener@ydr’ the latter being sition shifts up in energy very fast at a typical rate of about
affected only by the hydrostatic part of the compressive QO meVIGP&® such that at 0.2 GPa the absolute

strain and the external pressure. The pressure behavior of tr} : o . :
Xy states of the dots is essentially determined by two coun(—:ondu.Ct'o.r"bﬁnd minimum 1S at tk?é p0|r_1t andlthe QD re-
teracting effects: the negative coefficient of tKestates un- comb_|_nat|on as become indirect in reciproca _spe_fc’:@(((y

der hydrostatic compression and the pressure-induced redutt@ns.'t'or)' The X,y levels of the InP dots are initially ap-
tion of the X-valley splitting, which tends to push the,, proxma;ely. 10 mey below th-bound state of the wetting
states up in energy. From the difference in linear pressur yer. With increasing pressure, however, the energy separa-

coefficients we infer that the energy separation between th on betwgen themtdlmlrgllst?]es unti aht_ aroup?hl.z_ S_Pa tthe3|/3

X states in the QD’s and the WL decreases with pressure at pecome degenerate an € quenching of the indirec Q

rate of~—10 meV/GPa. Because degeneracy of conduction€mission is observed. Here we make use of this observation
in order to extract the value of the valence-band offsEt,

band minima is achieved at about 1.2 GPa, as indicated b .
the quenching of the dot luminescence, we can estimate thé’ the _stralne_d InP/GaP heterostructu_re. The offset can be
energy position of theX,, states in the QD's at ambient etermined d|re_ctly fro_m the energy difference between the
pressure being about 10 ?’nev below théevel bound to the QD and WL emission lines for the pressure at which degen-
eracy of theX minima is attained, plus 40 meV correspond-

wetting layer. ) o . :
Further information about electronic states in the QDIng to the localization energy of holes in the wetting layer

structure and relaxation processes between them can Egeasured from the top of th_e valence band of the GaP _bar-
gained from the temperature dependence of the Iuminescen?@r' The latter has been e_stlmated from t_he thermal actl\_/a-
at different pressures. FiguréaB shows the peak intensity of lon energy of the WL luminescence. _In thls.way, we obtain
the PL lines corresponding to the dots and wetting layer as g value of AE, =(300+30) meV, which is in very good

function of temperature at 0.7 GPa. The wetting layer emis@dreement with the results of self-consistent tight-binding

sion decreases monotonically with increasing temperatur&al(.:u"""tIonéa but almost half of the_one measqred in short-
showing thermally activated behavior. In contrast, the QDperlod InP/GaP superlatticésWe point out that in the latter
peak intensity goes through a maximum at around 30 K. Aé:ase,_the ban_d offsets cannot be (_)k_)tamed directly from the
depicted in Fig. &), the position of this maximum depends experiment without the aid of empirical band-structure cal-
almost linearly on pressure, decreasing from 70 K at ambie (EUIat'OnS' This might be the reason for the large dlsqrepancy
pressure to zero at around 1.2 GPa. This can be understorbt‘i’tween the value of the valence-band offset determined here
again in terms of the continuous reduction of the separatioﬁlnd that using monolayer-thick muitiple quantum wells.
between conduction-barXi states of dots and wetting layer, ACKNOWLEDGEMENTS

as pressure increases. In other words, the activation energy

for thermally induced carrier escape out of the dots decreases This work is supported in part by the Deutsche Fors-
with pressure, resulting in the quenching of the dot emissionchungsgemeinschaft in the framework of Sfb 296.
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