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Electric-field-induced anti-Stokes photoluminescence in an asymmetric GaA#l,Ga)As double
guantum well superlattice
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We have used photoluminescen@t.) spectroscopy to study the population properties of an asymmetric
GaAs(Al,Ga)As double quantum well superlattice, which represents a simplified version of the active region
of a quantum cascade laser. The investigation focuses on the anti-Stokes PL signal of the narrower well, which
is observed for excitation between the excitonic states of the two quantum wells and sufficiently high electric
field strengths. In this case, the photocarriers are only excited in one of the two wells, and the signal gives
direct evidence for transport of electromsd holes through th€Al,Ga)As barriers. An analysis of the electric-
field dependence of conventional PL as well as anti-Stokes PL demonstrates that population inhomogeneities
for the electronic states can be determin&0163-18209)16547-Q

Since the first proposal by Kazarinov and Suris in 1871, an asymmetric GaA6Al,Ga)As double quantum well super-
considerable efforts have been made to utilize intersubbanidttice, which represents a simplified active region of a QCL,
emission in semiconductor superlattice structures for infraredsing anti-Stokes as well as conventional PL spectroscopy.
lasers in the 3—%¢m as well as the 8—13m atmospheric The PL spectra were recorded as a function of the applied
windows. These wavelength regions are important for a vaelectric field for different excitation energies and field polari-
riety of applications, e.g., environmental sensing and procedses. We demonstrate that the electronic transport behavior
controlling. However, the first operating lasers were not retesults in a population inhomogeneity between the two
ported until 1994 by Faistt al. for the (Ga,InNAs/(Al,In)As  quantum-well electronic ground states and that PL spectros-
system[quantum cascade laefQCL)] and 1997 by Lin copy can be applied as a simple measuring technique to char-
et al.for the InAs(In,GaSh/AISb systentinterband cascade acterize the underlying processes. An estimation of the popu-
lasey.® At the same time, optically pumped infrared laserlation ratio between the ground states of adjacent wells from
action was demonstrated using simple asymmetric couplethe electric-field dependence of the PL signal is also pre-
quantum well$. In addition to their great practical interest, sented.
the cascade structures also deserve attention for their basic The samples consist of a superlattice structure with a unit
physical properties. cell containing two wells and two barriers, which all have

PhotoluminescencéPL) spectroscopy seems to be an ap-different thicknesses. The unit cell is shown schematically in
propriate tool to investigate the population of subband statefig. 1, whered} (d®) andd? (d5) denote the thickness of
in such structured® although the excitation of electron-hole the wider and narrower welbarriep, respectively. While the
pairs is not compatible with the unipolar character of thebarriers of different thickness result in different transfer
QCL. In quantum wel(QW) structures with different well rates, which are expected to lead to an occupation inhomo-
thicknesses, i.e., in which the excitonic states are both enegeneity or even a possible population inversion between the
getically and spatially separated from each other, two excielectronic ground states of the adjacent wells, the difference
tation conditions are of particular importance. In conven-in the well widths leads to different transition energies for
tional PL experiments, the excitation energy is well above althe two QW’s. Therefore, the QW’s following the thick bar-
relevant transition energies so that electron-hole pairs arger (with respect to the direction of the electric figkchn be
created in all QW's. In an electric field, the electrons and/ordistinguished from the ones following the thin barrier
holes can be redistributed by transport processes. For an ethrough their respective PL energy. Due to the asymmetry of
citation energy between the excitonic states of the QW'’s,
electrons and holes are only excited in the wider wells so that a’ d
any PL signal from the narrower QW’s would give direct x=03
evidence of the transport of electroasd holes through the
barriers. This type of PL signal appears at a higher photon
energy than the excitation energy and is therefore referred to
as anti-Stokes PL. In contrast to the reported low-
temperature anti-Stokes PL signals in the literafaré,an
electric field is required, which has to be sufficiently strong X
to allow the transport of electrons as well as holes from the 4 a
wider to the narrower wells. Therefore, this anti-Stokes PL ! ?
induced by the applied electric field is expected to exhibit a FIG. 1. Schematic diagram of the Al mole fraction for two unit
threshold behavior. cells of the asymmetric GaAs/fba _,As double quantum well

In this paper, we investigate the population properties okuperlattice.
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FIG. 2. PL intensity as a function of detection energy and ap- ] / 5 o
plied electric field measured at a temperatufr® & for an excita- ] A,A»/&A’AA \. A‘AAA,AM
tion energy between the excitonic states of the two quantum wells 0.0 basaniad . .‘.‘";"‘,"".""."".%"‘
as indicated by the dashed line. Darker areas correspond to high 0 25 50
intensities, lighter areas to low intensities. Electric field (kV/em)

the unit cell, forward and reverse bias refer to different in- FIG. 3. Ratiop=1,/1,, of the integrated PL intensities of the
jection conditions. We define forward bias as the polarity forharrower () and wider () QW's for excitation energies df)
which the electron ground state of the wider well is at al-722 andb) 1.625 eV vs applied electric field for forwardots
higher potential than the one of the adjacent narrower well, if"d réverse biagriangles. In (b), p corresponds to the ratio of the
they are connected by the thin barrier. The opposite polaritg"ti-Stokes to the Stokes PL intensity. The insetafrepresents
is referred to as reverse bias, i.e., the same situation as aboyjs, cU/rent-voltage characteristic, i.e., dc curréggj as a function

except that the thick barriers are now connecting the twd electric field ), without laser excitation.

wells. In the schematic diagram of Fig. 1, forward bias cor-jzser of 1.625 eV is marked by the dashed line. The Stokes
responds to the situation, where the left-hand side is at @|_ jine has its maximum at 1.615 eV with a rather constant
higher potential. In this paper, forward bias is represented byytensity over the whole field range except for a field near
a positive electric-field strength. _ +27 kV/cm, where it exhibits a well-defined minimum. Fur-

The Al Ga ,As/GaAs superlattice structure, which thermore, an additiondtliagona) transition between the ad-
forms the intrinsic region of an”-i-n* diode, was grown jacent wells is observed, which exhibits an energy shift al-
by molecular-beam epitaxy on ari -GaAs substrate. It con- most linearly dependent on the electric field. The anti-Stokes
tains 20 periods with the following parametedy,=5, d3°  PL at 1.642 eV is observed for a field strength of abe@7
=4, d°=14, andd5=10 nm. Between the doped layers and kv/cm as well as betweer 15 and— 70 kV/cm.
the 20-period structure, a 25-nm GaAs well, a 10-nm In order to have an experimental quantity that is related to
Al sGay7As barrier, and a 5-nm GaAs well are inserted onthe occupation of the quantum well states, we define the ratio
the substrate side and a 10-nmy ABa, 7As barrier as wellas  p=1,/1,, of the integrated PL intensitl;, of the narrower
another 25-nm GaAs well on the top side so that the intrinsiand |, of the wider well, which is shown in Figs.(& and
region has a total thickness of 735 nm. Te-layers consist  3(b) as a function of the applied electric field strength for
of Si-doped GaAs with a doping density o&<20'"® cm™3  excitation above and below the ground state of the narrower
and compositionally graded, Si-doped,@b,_,As optical  well, respectively. For both excitation conditions and for-
window layers. The sample is processed into mesas of 21@vard bias,p exhibits a clear maximum near 27 kV/cm. An-
um diameter with AuGe/Ni contacts of 70m diameter, other smaller maximum exists for excitation of both quantum
which are small enough for optical access to the structurgvells near 5 kV/cm. In reverse biag,appears to have two
through the top contact. For the PL experiments, the samplmaxima for both excitation conditions. An increase of the
was mounted on the cold finger of a He-flow cryostat. Theexcitation intensity, i.e., carrier density, by two orders of
optical excitation was carried out with an Ataser-pumped magnitude leads only to a reduction of the maximum value
Ti:sapphire laser tuned to the excitation energies of 1.62%f p for forward bias, but does not shift the features of the
and 1.722 eV. The PL signal was dispersed in a 1-m monop-curves with respect to the field strength. Therefore, the
chromator and detected with a cooled charge-coupled-deviagarrier concentration is sufficiently small in order to neglect
detector. The laser power was adjusted to about 50 nW withand-bending effects for field strengths below about 30
the beam focused to a diameter of about 108. kV/cm.

Figure 2 shows the observed PL intensity as a function of According to the solution of the Schdimger equation in
detection energy and electric field in a gray-scale represerthe envelope function approximation, several characteristic
tation for an excitation energy between the excitonic states diield strengths exist, at which electron or heavy-hole states of
the two QW’s. The rather intense stray light from the lasertwo adjacent wells are at the same energy. Let us focus on
which is reflected diffusely at the surface of the sample, hashe forward bias condition. Below 4.6 kV/cm, the electron as
been covered by the white area. The energetic position of th&ell as the hole states form a ripplelike sequence of upward
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F=0 [FI=11kV/em  [FI=27 kV/em second maximum gb at 27 kV/cm is probably related to the
[ =~ ~ dramatic increase of the current above 227 kV/cm) as
200 »[ i \ ™ o g shqwn in the inset of Fig.(a)_. This high current may lead to
14N L & j\ A N g a different transfer mechanism through the barriers, e.g., ac-
““““““ I —T U % tivation by electron impact excitation. Therefore, the electron
L U transfer rates to the narrower well becomes similar to the

transfer to the wider wells, although the carriers have to pass
through differently thick barriers. The weaker structures at
higher electric fields are beyond the scope of this paper.

= Within a very simple rate equation model for a unipolar
1@ ®) © system, i.e., only electrons are considered, one expects that
AR AR AR AU AR AR the occupation ratiop=n,/n,, of the electronic subband
states of adjacent wells is proportional to the ratjq/t,,,

with t,,, andt,,, denoting the transfer rates from the wider to

FIG. 4. Calculated electron and heavy-hole states within theIhe narrowe;r well and vice versa, .respec?tively. However,
multiple QW system for different electric field strengtliar 0, (b)) ~ Probing » with PL spectroscopy requires to include the hole
11, and(c) 27 kV/cm (corresponding to voltages of 0, 0.80, and distribution into the model, which results in a nonlinear sys-

1.95 V, respectively, using a total thickness of the intrinsic regiontem of partial differential equations. Since there are too
of 735 nm for forward bias as defined in the text. The arrows Mmany variables in this case, it does not allow to derive rea-

indicate the direction of a possible transfer of the carriers. sonable conclusions on the absolute values of the rates from
this experiment alone. In order to achieve at least a qualita-

and downward steps as shown in Figafor forward bias tive discussion, the hole concentrations are included into the

so that both types of carriers can only move from the nar€lectronic model by modifying the recombination terms, so

rower to the wider wells, if the narrower-well states are oc-that they are proportional to only. Then, the “combined”

cupied. At 4.6 kV/cm, the heavy-hole states of the adjacentecombination rates,, andr, for the two wells are propor-

wells become resonantly aligned, and the transfer from th&onal to the hole concentrations, but are considered to be

narrower to the wider well via the thick barrier becomesapproximately independent of the electronic system. We ob-

possible. The next characteristic field strength is 16 kv/cmtain

at which the electron states of adjacent wells are in resonance

via the thin barrier. Between 4.6 and 16 kV/cm, the electron 1+ 2ty /rw  Tolthw 2

states remain in the ripplelike structure, wh|le 'Fhe heavy-hole p~ 1+2t,/r, 2+rn/tnw+ 2+rn/tnwy' (1)

states form already a ladder as shown in Fig) 4or 11

kV/cm. In this field region, field-induced transport of heavy with

holes from the wider to the narrower well becomes possible

via the thick barrier, while the electrons cannot move from

the wider to the narrower well via the thin barrier yet. For - (tW_n)

field strengths above 16 kV/chef. Fig. 4(c) for 27 kVv/cm|,

both electron as well as heavy-hole states form a ladder.

These characteristic field strengths can be correlated witfihe right-hand side demonstrates thais a linear function
significant points in the experimental curves as shown in of v, if the termr,/t,,, is assumed to be constant. The in-
Figs. 3a) and 3b). For excitation above the ground state of fluence of this term itself is, however, not straight forward.
the narrower wellgcf. Fig. 3a)] and forward bias, the first Figure 5 shows as a function of ,/t,,, for several values
maximum of p at about 5 kV/cm coincides with the first of v. While in the limit of very low hole concentration, i.e.
heavy-hole resonance. Above 16 kV/cistrongly increases r,<t,,,, Which corresponds in our experiment to a very low
due to the increased electron transfer from the wider to thexcitation intensity, the measured valpeis close to the
narrower well through the thin barrier. The field dependencevalue of v, it tends to unity for higher excitation intensity. In
of p exhibits in this regime an onsetlike behavior. Since thethis situation, the peak value at 27 kV/cm may be considered
PL intensity, and hencg, is proportional to the product of as a result of thélargep transfer rate into the narrow well
electron and hole concentration for each QW, the field dethrough the thinner barrier so that it can become larger than
pendence ofp does not directly reflect the occupation of one. The excitation intensity dependence of the measured
electron or hole states alone. Surprisingly, the PL signal ofralues ofp, which are included as symbols in Fig. 5 agrees
the narrower well due to direct occupation by photoexcita-well with the calculated dependence pfon r,/t,,. The
tion is rather small below 5 kV/cm. This low value of only fitting parameter is the scaling between the excitation
provides evidence of a rather strong transfer of electrons gsower andr,/t,,. The best agreement is achieved, when
well as holes from the narrower wells to the lower states irr,=t,,, for 0.5 uW. For very low (<5 nW) and very high
the wider wells. Above 5 kV/cm, the preferred hole transportexcitation powers ¥ 50 wW), the measured value is
occurs through the thin barrier from the narrower to thelower than the calculated one. At low power, the diagonal
wider well so thaip exhibits a minimum just below the reso- transition(cf. Fig. 2) as well as noise is relatively strong so
nance condition for electrons at 16 kV/cm. Above this fieldthat the determination qf from the spectra becomes increas-
strength,p exhibits a strong increase, since the electronsngly uncertain, while at high excitation intensities, satura-
dominate the carrier transport for these field strengths. Theon effects play probably an important role.
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Excitation Power (WW) tioned different transfer mechanism, the sharp decreage of

0.5 5 50 at 27 kV/cm for forward bias corresponds to a respective
LA B B increase for reverse bias. Finally, in the case of photoexcita-
tion in both wells, thep curves are equal for the two polari-
ties above 35 kV/cm. The different behavior in the anti-
Stokes case, at which is considerably larger for reverse
bias than for forward bias, can qualitatively be explained
with the help of Eq.(3). Assumingt,,~tyn, p IS mainly
determined by the hole density, i.e., the recombination rate
r, for the narrow wells, which is much smaller for forward
than for reverse bias, whilg, may be assumed to be similar
for both polarities.

Despite these complex transport properties, the occupa-
tion ratio » can be estimated for field strengths above the
electron resonances, at which the investigated structure
0’ nw simulates the behavior of the active region of a QCL. The
intensity ratios for forward and reverse bipsand p’, re-
spectively, are proportional tg"'

0.005 0.05

0.01 0.1 1 10 100

FIG. 5. Calculated values @f as a function of, /t,,,, according
to Eq. (1) for several values of (0.1, 0.5, 1, 1.5, Rfor excitation
in both QW’s (solid) and in the wide QW'’s alonédashegl The
experimental values gf for an electric field strength of 27 kV/cm
and excitation in both wells as a function of excitation intensity are
inserted as solid squares.

pf,r:CRf,rnf,r (4)

with the proportionality factorR""=r!"/r{" and C. The
constantC reflects the spectral properties of the sample and
the detector independently of the polarity. Insofar as it is
only the barrier thicknessggand not the different energetic
positions of the electron and hole states in the welhat

(3 determine the transport properties, we may assume for fur-
ther simplification that;’ = 1/%" = %, which seems to be rea-
sonable for sufficiently high field strengths, so that C can be
eliminated resulting in

For excitation below the ground state of the narrower well
as shown in Fig. @), i.e.,, g,=0 andg,=9, Eq. (1) is
modified to

twn/Tw 1
Pt ity 140t

In this casep is directly proportional tav. Furthermorep is
considerably smaller for not too low intensitied. Fig. 5),
which is in good agreement with the experimental result, i.e.,
the maximum value at 27 kV/cm is about a factor of 2
smaller than for excitation in both QW’s. Any increase of p' R
rn/tow, €ither by an increase of, or an decrease df, =N Vgt ®)
n®*nw: n ” . W_' p R
leads to a strong decrease @f as shown in Fig. Janti-
Stokes case

For reverse bias, the characteristic field strength of thé-urthermore, since the electrons dominate the transport of
hole resonance is slightly larg€s.4 kV/cm), since the cou- carriers at higher field strengths, the second factor in this
pling occurs through the thin barrier. However, the field equation may be assumed to be about 1 for conventional PL,
strength of the electron resonance amounts to a smaller valg® that the approximate value gfcan directly be calculated
(13 kV/cm), since in this case the wide and narrow well arefrom the p curves shown in Fig. @). At its maximum, »
coupled through the wider barrier. At 30 kV/cm, the groundreaches a value of 1.8. Note, however, that a precise quanti-
and first excited heavy-hole states are in resonance via thative discussion would require a detailed numerical analysis
thick barrier. The measured field dependencieg dbr the  taking into account theelectric-field-dependenttransfer
two polarities differ significantly. In reverse bias, the popu-rates of electromnd heavy-holes states through the different
lation of the electron states of the narrower well is expectedarriers as well as possible field inhomogeneities.
to be smaller compared to the case of forward bias, since the In summary, this investigation demonstrates that PL and
coupling of the electron states occurs now through the thickn particular anti-Stokes PL spectroscopy of asymmetric
barriers. The opposite polarity behavior is expected for thalouble quantum well superlattices can be used for a qualita-
heavy-hole states, since the current flow direction is retive discussion of the occupation properties of the quantum
versed. In contrast to forward bias, the increase irelated  well states. Characteristic field strengths of the structure can
to the electron resonance occurs at much smaller fielthe correlated with extrema in the field dependence of the
strengths. This may be an indication that the transfer of holegelative intensity of the two quantum wells. Although the
into the narrower wells through the thin barriers is comparaanti-Stokes PL gives direct evidence that both electrons and
tively strong so that the maximum of the PL intensity is holes participate in the transport processes, a strong electric-
probably directly connected with the electron resonance dield dependent population inhomogeneity was demonstrated
about 13 kV/cm. For higher field strengths at reverse biasfor the case of low excitation intensities. Furthermore, anti-
the nonresonant tunneling of electrons leads to an increase 8tokes PL seems to be a very useful tool to investigate car-
the occupation of the wider wells. Due to the above menfier transfer in such structures.
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