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Intersubband and interminiband spectroscopy of doped and undoped CdSÕZnSe multiple quantum
wells and superlattices
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In cubic CdS/ZnSe type-II heterostructures collective excitations have been studied using infrared spectros-
copy. The CdS/ZnSe structures were grown by solid-source molecular-beam epitaxy on semi-insulating GaAs
substrates. Highlyn-type-doped multiple-quantum-well and superlattice samples show strong intersubband and
interminiband absorption in the midinfrared. The validity of the polarization selection rule is verified experi-
mentally. The CdS/ZnSe conduction band offset is determined using a combination of interband and intersub-
band spectroscopy. Measured transition energies agree well to model calculations if many-body effects and
band nonparabolicity are included. Intensity-dependent pump and probe measurements on doped and undoped
samples reveal a fast increase of the photoinduced absorption signal at low pump intensities. At high pump
intensities the absorption signal saturates. This behavior is explained by the existence of a subgroup of
long-lived photogenerated electron-hole pairs. An observed redshift of the photoinduced interminiband transi-
tions is explained by filling of the lowest miniband. The effective electron mass of cubic CdS is determined
from thick films using infrared reflection spectroscopy.

DOI: 10.1103/PhysRevB.65.115334 PACS number~s!: 73.21.2b, 78.30.Fs, 78.66.Hf
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I. INTRODUCTION

Since the first observation of intersubband transitions
quantum wells by means of Raman1 or infrared
spectroscopy,2 intense investigations of these transitions ha
been performed. The main emphasis of these investigat
has been put on III-V compound3 and Si/SiGe
heterostructures,4 motivated by infrared detector5 and laser6

applications. In II-VI compound heterostructures, intersu
band transitions have been observed so far in the small
~Cd,Hg!Te system.7 Only a few wide-gap II-VI heterostruc
tures offer tolerable lattice mismatch, sufficient band offs
and high dopability. The type-II systems CdS/ZnSe a
CdSe/ZnTe provide moderate lattice mismatches and la
offsets, but only the former allows high doping in both t
barrier and well material.

In this paper we report on the first investigation of inte
subband transitions in the type-II CdS/ZnSe system. T
CdS/ZnSe heterostructures were prepared in our own gr
In these structures, electrons are confined in the CdS la
and holes in the ZnSe layers. The conduction band offset
been determined recently to be around 0.8 eV.8 In order to
observe an intersubband or interminiband transition, the l
est subband or miniband has to be populated, either by d
ing or by photogenerated carriers. High n-type doping lev
are attainable in both ZnSe and CdS, with free-electron c
centrations up to 1.431019 cm23 and 831019 cm23,
respectively.9 Consequently, two-dimensional electron g
densities in excess of 131013 cm22 were observed in
modulation-doped structures.10

A second interesting feature of the CdS/ZnSe system
lies on the fast relaxation from the higher subbands to
ground state. The rate of this relaxation is governed by
Fröhlich electron-phonon interaction,11 which is stronger in
II-VI materials than in III-V ones. A II-VI-based quantum
well infrared detector is therefore potentially faster. The h
0163-1829/2002/65~11!/115334~9!/$20.00 65 1153
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dopability, the large conduction band offset, and the re
tively strong Fro¨hlich coupling put the CdS/ZnSe system in
position to be an interesting material for fast midinfrar
detectors. The present paper studies properties of inter
band and interminiband transitions in CdS/ZnSe multi
quantum wells~MQW’s! and superlattices~SL’s!. The mea-
sured transition energies are reproduced by a theory w
includes many-body effects and band nonparabolicity. In
der to reduce the number of adjustable parameters, the e
tron band edge mass of cubic CdS has been determine
dependently from thick films. By varying the ground-sta
population through photopumping of the interband transiti
the two-dimensional electron gas in the MQW’s is studie

II. EXPERIMENT

The cubic CdS/ZnSe samples were grown on se
isolating GaAs~001! substrates by solid-source molecula
beam epitaxy.12 They consist of a 300-nm ZnSe buffer lay
followed either by an MQW structure of 20 quantum wells
by a superlattice of 140 periods. The lattice mismatch
tween CdS and ZnSe is nearly 3% and allows coher
growth only up to about 4.5 nm. The CdS layer thickne
was mostly between 2 and 3 nm~6–10 monolayers!. Thick-
nesses were deduced from beam flux pressures as moni
by an ion gauge and referred to as ‘‘nominal thickness.’’ T
samples weren-type doped with different chlorine concen
trations, either in the barriers or in the wells. The samp
discussed are basically two MQW and two SL sampl
MQW1 is doped in the barriers at a high concentratio
MQW2 is doped in the quantum well at a low concentratio
SL1 is doped in the CdS ‘‘quantum wells’’ and SL2 is n
doped at all. Thickness and doping parameters of th
samples are listed in Table I.

The infrared absorption was measured using a Bru
Fourier transform spectrometer IFS 113v. The samples w
placed in a liquid-He-flow cryostat. Transmission spec
©2002 The American Physical Society34-1
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were recorded inp polarization ands polarization mostly at
10 K or 295 K. In order to observe strong intersubband a
interminiband absorption signals, the samples have been
pared in the so-called waveguide geometry by polishing
parallel facets at an angle of 39°61° to the surface plane
Because the midinfrared refractive index of GaAs (nGaAs
'3.3) differs from that of the II-VI materials (nCdS'2.3,
nZnSe'2.3), the infrared beam is refracted at the GaAs-Zn
interface and propagates at more ‘‘flat’’ angles through
heterostructure, thus enhancing the electric field compon
along the confinement direction~see inset of Fig. 2!. The
beam is totally reflected at the GaAs-ZnSe interface at an
above 44°. The facet angle of 39° has been chosen in o
to avoid this total reflection.

Deliberate variation of the ground-state population is o
tained by photoexcitation of electrons from the ZnSe vale
band to the first CdS conduction subband or miniband. T
interband transition is pumped using the 488-nm line of
argon ion laser. As the laser energy of 2.54 eV is sma
than the ZnSe band gap, the photoexcitation is resonant
the confined states of the quantum wells and superlattice

III. CALCULATION OF TRANSITION ENERGIES

The heterostructure energy levels were calculated in
single-particle envelope-function approximation consider
nonparabolic bands, and many-particle effects were tre
as later on corrections.

A. Band nonparabolicity

The subband levels were obtained from the standard t
scendental equation for a rectangular potential in the p
bolic limit.13 Nonparabolicity was considered throug
energy-dependent masses in this equation,13,14 given by
m(E)5\2k2/@2E(k)#. The electron energy dispersionsE(k)
were described by the three-band Kane model.15 The input
parameters of this model—the band-edge massmG6

, the

band-gap energyEG , and the spin-orbit splittingDSO-were
taken as follows:mG6

50.19m0 ~see below!, EG52.5 eV,

and DSO50.07 eV for CdS and mG6
50.16m0 , EG

52.82 eV, andDSO50.43 eV for ZnSe;m0 denotes the
free-electron mass. The CdS conduction band dispersio
the Kane model was compared to recent HPT and lin
combination of atomic orbitals~LCAO! results of Refs. 16
and 17, respectively, and found to lay in between of th

TABLE I. Sample parameters of the investigated MQW and
samples.

Parameter MQW1 MQW2 SL1 SL2

Number of periods 20 20 140 140
CdS width~nm! 2.7 2.2 2.0 3.0
ZnSe width~nm! 30 30 2.0 1.9
Donor density CdS (cm23) - 331017 831018 -
Donor density ZnSe (cm23) 1231018 - - -
2D electron density (cm22) 1.331013 631010 - -
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two numerical curves. It is considered to be reliable up
800 meV electron energy. The energy-dependent mass
calculated numerically from the three-band model. It w
found that the simple formula18–20

m~E!5mG6
F11S 12

mG6

m0
D 2

E

EG
G ~3.1!

provides a good approximation, even in the evanescent-s
regime. The deviation from the three-band model amount
less than 2% at 800 meV electron energy. Note that the s
orbit splitting in CdS is very small (70 meV); hence, it ca
be ignored. The CdS/ZnSe single-particle energies were
culated using Eq.~3.1! with parameters given above. Re
maining adjustable parameters were the well width and
band offset. A level shift caused by band bending in t
quantum well is not considered, since the theory is applie
well-doped samples only with uniform doping. The effect
nonparabolicity on the intersubband transition energy is
lustrated in Fig. 1, discussed in the next section.

B. Many-body effects

Two many-body phenomena are considered, the excha
interaction and the direct Coulomb interaction in a dop
quantum well.21 The shifts caused by the exchange intera
tion on the level positions of the first subband,E(1), and of
the second subband,E(2), were calculated using the follow
ing expressions derived in Ref. 22:

Eexch
(1) ~k!52

e2kF

4pee0
F 2

p
ÊS k

kF
D2S 1

6
2

5

8p2D kFLG
for k,kF and

FIG. 1. CalculatedE12 intersubband transition energy as fun
tion of the 2D free-electron density for a CdS/ZnSe single quan
well ~well width 2 nm and conduction band offset 750 meV). T
straight lines represent the single-particle transition energy with
~upper line! and with nonparabolicity~lower line!. The short-dashed
curve includes depolarization and excitonlike effects. The so
curve in addition includes the exchange and direct Coulomb in
action.
4-2
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Eexch
(1) ~k!52

e2kF

4pee0
F 2

p H k

kF
ÊS kF

k D1
kF

22k2

kkF
K̂S kF

k D J
2S 1

6
2

5

8p2D kFLG
for k.kF for the first subband and for the second subba

Eexch
(2) ~k!52

5e2kF
2L

36p3ee0

.

Here kF5A2pn2d is the Fermi wave vector withn2d the
two-dimensional electron density.Ê and K̂ are complete el-
liptic integrals,k is the in-plane wave vector, andL the well
width.

The direct Coulomb interaction causes shifts appro
mately described by21

Edirect
(1) 5

3n2de2L

8p2ee0

and

Edirect
(2) 5

n2de2L

4p2ee0

.

The transition energyE12 becomes

E125E12
0 1DEexch1DEdirect ,

with E12
0 the single-particle transition energy,DEexch

5Eexch
(2) 2Eexch

(1) .0 andDEdirect5Edirect
(2) 2Edirect

(1) ,0. Since
uDEexchu is greater thanuDEdirectu, the transition energy
shifts to the blue with increasing electron density.

The measured peak position of the absorption signa
shifted from theE12 transition energy owing to the depola
ization shift,23,24 the excitonlike effect,25 and the coupling to
longitudinal optical phonons~plasmon phonon coupling!.
The effect of the phonon coupling is negligible, since t
transition energies in discussion distinctly exceed the e
gies of the involved phonons. The depolarization shift a
excitonlike effect were considered using the formalism
Ref. 24. There the absorption peak positionE12

(abs) is given by

E12
(abs)5E12A11a122b12,

with the depolarization shift

a125
2e2n2d

ebe0E12
E

2`

1`

dzS E
2`

z

f1~z8!f2~z8!dz8D 2

and excitonlike effect

b1252
2n2d

E12
E

2`

1`

dzf1~z!2f2~z!2
]Vxc„n3d~z!…

]„n3d~z!…
.

eb is the background dielectric constant, andVxc„n3d(z)… is
the exchange correlation potential25 as a function of the loca
11533
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sheet densityn3d(z)5n2duf1(z)u2. Here f1(z) and f2(z)
are the confined wave functions of the first and second s
bands, respectively.

The effect of these shifts as function of the sheet elect
density is illustrated in Fig. 1. The curves were calculated
a CdS/ZnSe single quantum well with a well width of 2 n
and a conduction band offset of 750 meV~see below!. The
two straight lines denote the single-particle transition en
gies without many-body effects. The upper one, labeled
E12,parabolic

0 , corresponds to the parabolic limit and is show
for comparison purposes only. The lower one, labeled
E12

0 , is the single-particle transition energy including th
conduction band nonparabolicity. Inclusion of nonparabo
ity results in a redshift of 8% (38 meV), and hence mak
an important effect at a 2-nm well width. The two curve
lines illustrate the inclusion of many-body effects to the tra
sition energyE12

0 . The lower curve~short dashed line!, la-
beled byE12,depol,exc, corresponds to the inclusion of th
depolarization shifta12 and the excitonlike effectb12 only,
as given byE12,depol,exc5E12

0 (11a122b12)
1/2. Inclusion of

these two effects causes a net redshift with increasing e
tron density. This means that the excitonlike effect domina
the depolarization shift in CdS/ZnSe heterostructures, in c
trast to GaAs-based heterostructures, where the opposite
plies and the two effects cause a net blueshift.22 The upper
curve~solid line!, labeled byE12

(abs) , includes, additionally to
the depolarization shift and the excitonlike effect, the e
change interaction and the direct Coulomb interaction. Inc
sion of these interactions outweighs the redshift of the de
larization and excitonlike effect and results in an over
blueshift of the absorption peak energy.

IV. CdSÕZnSe MULTIPLE QUANTUM WELLS

A. E12 intersubband transition

Figure 2 shows the transmission spectrum inp polariza-
tion, TP , divided by that ins polarization,TS , of the barrier-
doped sample MQW1 (n2D51.331013 cm22). The ordi-
nate is the negative logarithm of this ratio corresponding
the absorption. The lower inset shows the waveguide ge
etry and the light path of the infrared beam with an indic
tion of the electric field directions of thes andp polarization.
The infrared beam typically undergoes one or two inter
reflections in the sample. The midinfrared absorption sig
observed between 2500 and 4000 cm21 is assigned to the
excitation of electrons from the first subband to the seco
subband. The absorption reaches a value of 0.23 at the
energy of 404 meV. This remarkable value results from
high ground-state electron density and the small in-plane
clination of the infrared beam of only 28° because of t
refractive index step at the III-V/II-VI interface.26 The rela-
tively large width of 38 meV reflects the low mobility ob
served in electrically contacted two-dimensional electron
~2DEG! structures.10 The oscillator strengths extracted fro
the integrated absorption of a number of different samp
are found to agree reasonably with theory.27
4-3
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B. Selection rules

Since the spin-orbit splitting is very small in CdS, th
polarization selection rule for intersubband transitions is
pected to be fulfilled;28 that is, the transition matrix elemen
should be nonzero only for electric field components alo
the confinement direction (p polarization!. However, strain
and interface effects in the highly strained, thin quantum w
samples may affect the validity of the polarization select
rule. In order to test it, polarization-dependent measurem
were performed. Figure 3~a! shows a set of2 ln(Tg /Ts)
curves of sample MQW1 measured at different polarizat
anglesg. Hereg50° corresponds top polarization~maxi-
mum coupling! andg590° to s polarization~no coupling!.

FIG. 2. Intersubband absorption spectrum of the heavily do
MQW1.

FIG. 3. ~a! Intersubband absorption spectra of MQW1 measu
at four different polarization anglesg. ~b! Integrated intersubband
absorption against the polarization angle~symbols! and a fit to
cosg2 ~solid line!.
11533
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Figure 3~b! shows the measured integrated absorption~solid
squares! against the polarization angle. From simple geom
ric optics, the angular dependence of the integrated inters
band absorption is predicted to vary as cos2g. This prediction
is shown by the solid curve in Fig. 3~b!. It is in excellent
agreement with the experimental data. As a result, the po
ization selection rule is well fulfilled for the conduction ban
intersubband transitions in CdS/ZnSe quantum wells,
substantial strain or interface effects do not show up in
present samples.

C. Well width dependence and conduction band offset

Since the intersubband transition energies in the sm
quantum wells depend critically on well width, we did n
rely on the nominal thicknesses only, but derived a w
width by measuring the interband transition energy as wel
the intersubband transition energy. The interband transi
energies were obtained from photoluminescence spectra
recting for the Stokes shift along Ref. 29 and for the man
body effects. An example of an interband photoluminine
cence spectrum is shown in Fig. 7~a! below. Because the
same model is used to calculate the intersubband as we
the interband transition energy, the two adjustable parame
of the model can both be treated as fit parameters. Fitting
model to the two observed transition energies thus provi
the well width and the band offset of a given sample. F
well-doped MQW samples have been analyzed in this w
The well widths determined by the spectroscopic meth
agreed satisfactorily to the nominal widths~61 monolayer!
with a single exception where it was smaller by 20%. T
conduction band offsets scattered around 750 meV with
50 meV range.

Figure 4 shows the intersubband transition energiesE12 of
these five samples against the well width. Open triang
denote the measured absorption peak energies plotted ag
the nominal width. Solid squares denote the single-partic
transition energies: that is, after correction by many-bo
effects, plotted against thespectroscopicwidth. Because the

d

d

FIG. 4. Measured intersubband transition energies against
width before ~open triangles! and after~solid squares! individual
well width and many-body corrections. Lines represent the sing
particle transition energy for bound-to-bound and bound-
continuum transitions with conduction band offsets as indicated
4-4
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samples are doped differently, the many-body correcti
had to be made individually and could not be included in
theoretical curve. The solid curve represents the calcula
single-particle transition energy using a conduction band
set of 750 meV. A good agreement is observed between
theoretical and the experimental transition energies, provi
the spectroscopicwell widths are used and many-body co
rections are taken into account. The many-body correcti
are smaller compared to the well width corrections, but th
are significant and improve the agreement. One conclusio
that the quantum wells are sufficiently well described by
rectangular model potential. Second, the determination of
well width from intersubband and interband transitions a
pears to be consistent and to give the ‘‘true’’ widths with
the model approximations. A third conclusion concerns
energy range of intersubband transitions in CdS/Zn
MQW’s obtainable by varying the well width. The soli
curve indicates that the transition energy is tunable betw
150 meV and 450 meV by varying the well width betwe
4.5 nm and 1.7 nm.

The offset value of the strained quantum well obtained
fitting is 750250

1100 meV. The error limits correspond to th
dotted lines in Fig. 4. At larger well widths, the fit becom
less sensitive to the offset value, the latter being fixed ma
by the small width samples. The obtained value is 70 m
smaller than that determined recently from a series of sin
quantum wells8 ~in this reference, an exciton binding energ
of 20 meV was erroneously taken into account, so the of
of the strained quantum well would be actually 820 meV
The smaller offset value in the present samples is attribu
to an increased amount of intermixing due to the higher s
strate temperature compared to that used for preparatio
the previous samples (140 °C higher!. If the previous
samples are assumed to have binary CdS quantum wells
70-meV offset reduction would correspond to about 12
zinc admixture into the quantum well.

D. Temperature dependence

The temperature dependence of the intersubband tra
tion energy has been measured on the lightly well-do
sample MQW2 (n2D5631010 cm22) because of its sharpe
absorption line. The transition energy decreases by ne
3 meV between 10 K and 295 K as shown in Fig. 5. T
decrease translates to a decrease of the conduction ban
set of 8 meV, assuming the many-body correction
5 meV and all other parameters to be temperatu
independent. About 1 meV may be attributed to the stra
induced lowering of the CdS conduction band edge by th
mal misfit to the ZnSe. The remaining 7 meV are attribu
to differences in the band gap shrinkage between the
and the ZnSe. This is a small change of only 1%; that is,
conduction band offset does not depend very much on t
perature.

E. Photoinduced intersubband absorption

Figure 6~a! shows the intersubband absorption spectr
of MQW2 measured at 10 K. The absorption curve fits t
11533
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Lorentzian line shape with a full width of half maximum o
16.7 meV. The strength of the observed infrared absorp
suggests an occupation number of the subband ground
of the order of a few 1010 cm22, in agreement with the
nominal value of 631010 cm22. Figure 6~b! shows the
spectrum of the photoinduced intersubband absorption~PIA!,
2 ln(Tp* /Tp). HereTp* denotes thep-polarized transmission
spectrum under interband laser excitation,Tp , as usual,
without laser excitation. The PIA spectrum has a line sha
similar to that of the absorption spectrum of Fig. 6~a! due to
doping and has its maximum at the same energetic posit
Therefore, the photoexcitation of additional electrons in
the first subband does not change the spectral distributio
the 2DEG in the first subband.

In order to discuss the dependence on excitation den
first the population density as function of the laser intens

FIG. 5. Measured temperature dependence of the intersub
absorption peak energy of MQW2~the line is a guide for the eye
only!.

FIG. 6. ~a! Measured intersubband absorption spectrum
MQW2. ~b! Photoinduced intersubband absorption of MQW2.
4-5
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is studied from the interband photoluminescence. The in
band photoluminescence and the interband absorption s
trum of MQW2 are shown in Fig. 7~a!. No excitonic features
are observed in the absorption spectrum as a result of
type-II band alignment, in agreement with the absence o
spectral shift of the PIA spectrum. Figure 7~b! shows the
integrated interband photoluminescence against the exc
laser intensity. The dependence on laser intensity is linea
to 100 W cm22, meaning that the total density of photoe
cited electron-hole pairs varies linear in the considered d
sity regime. On the other hand, the integrated photoindu
intersubband absorption~IPIA! grows very rapidly with low
laser intensities (<1 W cm22) and saturates at excitatio
intensities above 1 W cm22, i.e., at photoinduced carrie
densities of about 531010 cm2 ~Fig. 8!. The fast increase o
the IPIA at low laser intensities suggests a lifetime in t
order of 1 ms. Therefore, it can be concluded that the PIA
due to a subgroup of long-lived photoexcited electrons. Si
the photogenerated electrons are not distinguishable from
already existing ones, the long lifetime must be due to
subgroup of photoexcited holes.

FIG. 7. ~a! Photoluminescence and absorption spectra of MQ
in the energy range of the lowest interband transition.~b! Integrated
interband photoluminescence of MQW2 as function of the la
power.

FIG. 8. Integrated photoinduced intersubband absorption
MQW2 as function of the laser power. The fit corresponds to
~4.1!.
11533
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Two possible quantitative scenarios which can descr
this behavior are the following:~i! Most of the photogener-
ated holes are localized near the CdS/ZnSe interface du
Coulomb interactions until they recombine radiatively
nonradiatively with an electron of the two-dimensional ele
tron gas. The almost linear dependence of the photolumin
cence signal on the laser intensity is determined by th
dominating recombination processes. The small part of
photoexcited holes which are localized in the ZnSe barr
away from the interface have a longer lifetime due to t
smaller overlap of the wave functions and a reduced rec
bination probability. In contrast to the interband photolum
nescence the photoinduced intersubband absorption is
sensitive to this subgroup of long-lived holes. Then the sa
ration of the PIA signal is a consequence of the limited nu
ber of hole localization centers.~ii ! The behavior of the in-
terband photoluminescence is explained in the same wa
above. A small part of the photoexcited holes can also
combine with electrons of the conduction band of the Zn
barriers leading to an effective longer lifetime of the pho
generated electrons. In this case the saturation can be
plained by the limited number of electrons in the conduct
band of the nonintentionally doped ZnSe barrier.

According to Ref. 30, the experimentally determined v
ues for the IPIA have been fitted by

IPIA5kNPIA5k
gtNs

gt1Ns
, ~4.1!

where k is a constant,g is the photoexcitation generatio
rate, andNs is the saturation density. The parameters o
tained from the fit shown in Fig. 8 areNs5531010 cm22

andt56 ms.

V. CdSÕZnSe SUPERLATTICES

A. Interminiband transitions in the conduction band

The selection rules for transitions between the firstE1(ki)
and the second minibandE2(ki) in the conduction band are
the same as in case of the intersubband transitions. Howe
the width of the infrared absorption peaks of interminiba
transitions is not determined by collisional or homogeneo
broadening, but rather by the intrinsic width of the involve
minibands. This increased width of the interminiband a
sorption spectra is visible in all spectra shown in Fig. 9.

Figure 9~a! shows the calculated miniband dispersion u
ing a conduction band offset of 750 meV and paramet
corresponding to that of the superlattice sample SL1. It
been determined by solving the standard transcende
equation13 using energy-dependent effective masses to t
account of the nonparabolicity. The calculated width of t
first miniband is 26 meV. The calculated interminiban
transition energy between the first and second miniband
378 meV at the edge of the Brillouin zone. Transition en
gies above about 420 meV belong to transitions into c
tinuum states.

Figure 9~b! shows the interminiband absorption spec
measured at three different temperatures on SL1, which
uniformly doped CdS layers. Using the tight-binding mod
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the Fermi level is estimated to be at most 25 meV above
minimum of the lowest miniband, meaning that only the fi
miniband is occupied. Therefore and because of the ag
ment with the calculated transition energies, the obser
maximum in the midinfrared absorption spectra is attribu
to electronic transitions from the first to the second mi
band. In analogy to investigations on III-V semiconduc
superlattices,31 asymmetric absorption bands are observ
which are explained by the dispersion of the minibands. W
increasing temperature, the interminiband absorpt
maxima in Fig. 9~b! are observed to shift red. This redshift
attributed to some redistribution of the population in the fi
miniband: with increasing temperature, states at increasin

FIG. 9. ~a! Calculated miniband dispersions of SL1 with a p
riod of dSL54 nm, ~b! interminiband absorption spectra of SL1
function of temperature~for clarity the spectra are shifted vert
cally!, and ~c! photoinduced interminiband absorption spectra
SL1 recorded at various laser intensities. The dashed vertical
marks the peak maximum at low temperature and low excita
density.
11533
e
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t
ly

higher wave vectors become occupied. Lifting an elect
from these states into the continuum or into the second m
band then requires less energy, increasing absorption on
low-energy side.

The measured photoinduced interminiband absorp
spectra of SL1 are shown in Fig. 9~c!. With increasing pump
intensity tuned from zero up to 5 W cm22, the absorption
becomes stronger. This effect can be understood by an
creased population of the lowest miniband due to photo
cited electrons. Because of the greater number of period
the superlattice compared to the MQW, the absorption of
pump laser beam is more efficient, generating a larger e
tron density. The photoinduced interminiband absorption
observed to shift red with increasing pump intensity. Th
redshift is interpreted by a filling of the first miniband t
higher wave vectors. At the highest pump intensity, the sp
trum indicates the presence of two ‘‘peaks,’’ possibly refle
ing the increased density of states at the center and the
of the Brillouin zone. Similarly to the change of occupatio
by a temperature increase, the filling of the first miniba
decreases the transition energy of the interminiband tra
tion. It has already been shown that the miniband dispers
can be evaluated from the temperature dependence o
interminiband absorption profile.31 We suggest here that th
dispersion may also be evaluated by studying thephotoin-
ducedinterminiband absorption in dependence on the pho
excitation density.

B. Interminiband transitions in the valence band

In contrast to electronic transitions in the conduction ba
discussed so far, transitions between minibands built up fr
different valence bands, like heavy hole~HH!, light hole
~LH!, and spin-orbit split-off~SO! bands, are allowed only
for light polarized perpendicular to the confineme
direction.32,33 Experimentally, intersubband valence ba
transitions have already been observed inp-type-doped Si/
SiGe heterostructures. Figure 10 shows the photoinduced
terminiband absorption spectra of the undoped sample S
recorded fors- andp-polarized infrared beams. Ins polariza-
tion, a broad asymmetric band is observed betwe
150 meV and 500 meV. It is assigned to photoinduced
terminiband transitions between the miniband ground sta

f
e

n

FIG. 10. Photoinduced interminiband absorption of SL2 fos
andp polarization.
4-7



o
e
n

th
ld

h
th

at

o

te
r

te
on

o
ed
n

de

ts

-
o
d

i
h
ea

ve
an

ti-
e
t

ve

es

om

als
ll
etry.
e in
am
b-

veri-
n-
in

cts
unt,
ths
and
t of

by

f a

Eq.
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built up from HH-, LH-, and SO- valence bands. Inp polar-
ization, the same band is observed, superimposed by a m
sharp absorption feature around 400 meV. This featur
assigned to interminiband transitions in the conduction ba
The appearance of the valence band transitions inp polariza-
tion is related to the fact the infrared beam is inclined to
layer plane and inp polarization has also an electric fie
component perpendicular to the confinement direction. T
assignment of the broad absorption band to transitions in
valence bands is supported by a calculation. The calcul
transition energies for HH1→SO1 and LH1→SO1 are situ-
ated at about 360 meV and 260 meV, respectively. We n
that, while intersubband transitions in the valence bands
p-type heterostructures are well known, valence band in
miniband transitions of superlattices have not yet been
ported.

VI. ELECTRON MASS OF CUBIC CdS

The effective electron mass of cubic CdS has been de
mined recently in Ref. 8 from a fit of the interband transiti
energies of CdS/ZnSe single quantum wells with a value
(0.1860.5)m0. In principle, the mass should be determin
more precisely from infrared reflection spectroscopy a
known carrier densities from bulk samples. A series of
generately doped thick layers (.1 mm) of cubic CdS was
prepared and investigated by Hall effect measuremen9

These data yield the free-electron densitiesn3d . The
screened plasma frequenciesvp of these samples were ob
tained from infrared reflection spectra recorded at nearly n
mal incidence to the surface and evaluated by a Dru
Lorentz fit. As an example, Fig. 11~a! shows the reflection
spectrum of a CdS layer withn3d57.431019 cm23 in the
frequency range of the plasmon resonance. The minimum
4200 cm21 is caused by Fabry-Perot interferences and
used to determine sample thickness additionally. The das
curve is the Drude-Lorentz fit and reproduces well the m
sured spectrum except a small dip at around 3200 cm21 the
origin of which is unknown.

The screened plasma frequency is given by34

vp5A n3de2

ebe0mop
, ~6.1!

wheremop is the optical effective mass. The optical effecti
mass relates the Fermi velocity to the Fermi wave vector
is given by~spherical Fermi surface!

1

mop
5

1

\2kF
FdE~k!

dk G
kF

. ~6.2!

A nonparabolic bandE(k) means a dependence of the op
cal effective mass on the free-carrier density. This dep
dence can be approximately described, after neglect of
small spin-orbit splitting, by35

1

mop
5

1

mG6

F12S 12
mG6

m0
D 2

\2~3p2n3d!2/3

mG6
EG

G . ~6.3!
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Figure 11~b! shows experimental optical masses of fi
samples doped between 331018 cm23 and 831019 cm23.
They were determined through Eq.~6.1! from the measured
free-electron densitiesn3d and plasma frequenciesvp . The
solid curve is a fit of Eq.~6.3! with the band edge massmG6

as fit parameter. The resulting electron mass ismG6
5(0.19

60.01)m0. This value is within the range of electron mass
reported for hexagonal CdS~Ref. 36! and is more precise by
a factor of 5 compared to the above-mentioned result fr
CdS quantum wells.

VII. CONCLUSIONS

Strong intersubband and interminiband absorption sign
have been observed inn-type-doped CdS/ZnSe quantum we
and superlattice samples prepared in a waveguide geom
This is a consequence of the high doping levels attainabl
this materials and an efficient coupling of the infrared be
caused by the refractive index step at the II-VI/GaAs su
strate interface. Polarization-dependent measurements
fied the polarization selection rule for conduction band tra
sitions. Experimentally observed transition energies are
good agreement with those calculated, if many-body effe
and conduction band nonparabolicity are taken into acco
and if corrected well widths are used. The actual well wid
were determined by fitting the measured intersubband
interband transition energies. The conduction band offse
the strained quantum well is derived to be 750250

1100 meV for
the present samples. On this basis it is predicted that,

FIG. 11. ~a! Measured and calculated reflection spectra o
heavilyn-type-dopedc-CdS layer.~b! The optical effective electron
mass as function of the free-electron density. The line is a fit of
~6.3!.
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varying the well width, the intersubband absorption can
tuned between 150 meV and 450 meV. This might be
teresting for an application as midinfrared detector.

Photoinduced intersubband and interminiband absorp
is studied as function of the photoexcitation density. In co
trast to the linear behavior of the interband photolumine
cence intensity, the intersubband absorption of quant
wells shows a nonlinear saturation behavior which has b
explained by recombination and localization processes.
superlattices, evidence for valence band interminiband tr
sitions was observed. It has been demonstrated that
pump-probe spectroscopy is a very sensitive means to s
e
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the electron distribution in the lowest miniband or to lea
about the properties of excited electron hole pairs in a tw
dimensional electron gas.

Finally, the effective electron band-edge mass of cu
CdS has been determined tomG6

5(0.1960.01)m0 using a
combination of Hall effect and infrared reflection measu
ments.
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