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Intersubband and interminiband spectroscopy of doped and undoped Cd2nSe multiple quantum
wells and superlattices
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In cubic CdS/ZnSe type-Il 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. Highly-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.
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[. INTRODUCTION dopability, the large conduction band offset, and the rela-

tively strong Franlich coupling put the CdS/ZnSe system in a

Since the first observation of intersubband transitions irposition to be an interesting material for fast midinfrared
quantum wells by means of Ranfanor infrared detectors. The present paper studies properties of intersub-

spectroscop§,intense investigations of these transitions haveband and interminiband transitions in CdS/ZnSe multiple

been performed. The main emphasis of these investigatiorantum wellSMQW's) and superlattice¢SL's). The mea-

has been put on lI-V compoudd and Si/SiGe _sured transition energies are reproduced by a th_epry which
heterostructurebmotivated by infrared detectoand laseét  includes many-body effects and band nonparabolicity. In or-
applications. In 1I-VI compound heterostructures, intersub-Je' t0 reduce the number of adjustable parameters, the elec-
band transitions have been observed so far in the small-g pn band edge mass of cubic CdS has been determined in-

; dently from thick films. By varying the ground-state
(Cd,HgTe systend. Only a few wide-gap 1I-VI heterostruc- epenc . ] o
tures g)ﬁer tglerable Iat{ice mismatcr? gufficient band offsetpopUIatlon through photopumping of the interband transition,

and high dopability. The type-ll systems CdS/ZnSe analhe two-dimensional electron gas in the MQW's is studied.

CdSe/znTe provide moderate lattice mismatches and large
offsets, but only the former allows high doping in both the Il. EXPERIMENT

barrier and well material. o o _ The cubic CdS/ZnSe samples were grown on semi-
In this paper we report on the first investigation of inter-jsojating GaA§001) substrates by solid-source molecular-
subband transitions in the type-Il CdS/ZnSe system. Th@eam epitaxy? They consist of a 300-nm ZnSe buffer layer
CdS/ZnSe heterostructures were prepared in our own grougg|lowed either by an MQW structure of 20 quantum wells or
In these structures, electrons are confined in the CdS layets; a superlattice of 140 periods. The lattice mismatch be-
and holes in the ZnSe layers. The conduction band offset hagieen CdS and zZnSe is nearly 3% and allows coherent
been determined recently to be around 0.8 ®dW.order to  growth only up to about 4.5 nm. The CdS layer thickness
observe an intersubband or interminiband transition, the lowwas mostly between 2 and 3 ni®—10 monolayeps Thick-
est subband or miniband has to be populated, either by domesses were deduced from beam flux pressures as monitored
ing or by photogenerated carriers. High n-type doping leveldy an ion gauge and referred to as “nominal thickness.” The
are attainable in both ZnSe and CdS, with free-electron consamples were-type doped with different chlorine concen-
centrations up to 1410 cm 2 and 8<10'™ cm 3,  trations, either in the barriers or in the wells. The samples
respectively. Consequently, two-dimensional electron gasdiscussed are basically two MQW and two SL samples.
densities in excess of X110 cm 2 were observed in MQW1 is doped in the barriers at a high concentration.
modulation-doped structuré$. MQW?2 is doped in the quantum well at a low concentration.
A second interesting feature of the CdS/ZnSe system reSL1 is doped in the CdS “quantum wells” and SL2 is not
lies on the fast relaxation from the higher subbands to theloped at all. Thickness and doping parameters of these
ground state. The rate of this relaxation is governed by thesamples are listed in Table I.
Frohlich electron-phonon interactidh,which is stronger in The infrared absorption was measured using a Bruker
[I-VI materials than in 1lI-V ones. A IlI-VI-based quantum Fourier transform spectrometer IFS 113v. The samples were
well infrared detector is therefore potentially faster. The highplaced in a liquid-He-flow cryostat. Transmission spectra
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TABLE I. Sample parameters of the investigated MQW and SL %‘ 500 Many-body effects 4—2mm
samples. E CdS/ZnSe SQW AE, = 750 meV
Parameter MQW1 MQW2 SL1 SL2 g 480f- - 0% S
Number of periods 20 20 140 140 g as0l 12 paratole
CdsS width(nm) 2.7 2.2 20 3.0 = E & ES,
ZnSe width(nm) 30 30 20 19 s |7 _ o _______ i
Donor density CdS (civ) - 3x107 8x10® - D 440p~e
Donor density ZnSe (ch?) 12x 108 - - - 3 £ e
2D electron density (ci?) 1.3x 102 6x10° - - @ ao0| 12 oepolexc ]

£ 0 2 4 6 8 10 12 14

. L L 2D electron density n,, (10" cm?)
were recorded i polarization ands polarization mostly at

10 K or 295 K. In order to observe strong intersubband and F|G. 1. CalculatecE;, intersubband transition energy as func-
interminiband absorption signals, the samples have been préon of the 2D free-electron density for a CdS/ZnSe single quantum
pared in the so-called waveguide geometry by polishing twawvell (well width 2 nm and conduction band offset 750 meV). The
parallel facets at an angle of 39°° to the surface plane. straight lines represent the single-particle transition energy without
Because the midinfrared refractive index of GaAss{ns (upper ling and with nonparabolicitylower ling). The short-dashed
~3.3) differs from that of the II-VI materialsngqs~2.3, curve includes depolarization and excitonlike effects. The solid
Nznse~2.3), the infrared beam is refracted at the GaAs-ZnS&urve in addition includes the exchange and direct Coulomb inter-
interface and propagates at more “flat” angles through theaction.
heterostructure, thus enhancing the electric field component
along the confinement directiofsee inset of Fig. 2 The two numerical curves. It is considered to be reliable up to
beam is totally reflected at the GaAs-ZnSe interface at angleB00 meV electron energy. The energy-dependent mass was
above 44°. The facet angle of 39° has been chosen in ordealculated numerically from the three-band model. It was
to avoid this total reflection. found that the simple formut&2°

Deliberate variation of the ground-state population is ob-

tained by photoexcitation of electrons from the ZnSe valence me |2
band to the first CdS conduction subband or miniband. This m(E)=mp | 1+|1— j) E (3.1)
interband transition is pumped using the 488-nm line of an Ts my/ Eg '

argon ion laser. As the laser energy of 2.54 eV is smaller
than the ZnSe band gap, the photoexcitation is resonant infgrovides a good approximation, even in the evanescent-state
the confined states of the quantum wells and superlattices.regime. The deviation from the three-band model amounts to
less than 2% at 800 meV electron energy. Note that the spin-
IIl. CALCULATION OF TRANSITION ENERGIES orb?t splitting in CdS is very s_maII (70 .meV); hence, it can
be ignored. The CdS/ZnSe single-particle energies were cal-
The heterostructure energy levels were calculated in theulated using Eq(3.1) with parameters given above. Re-
single-particle envelope-function approximation consideringmaining adjustable parameters were the well width and the
nonparabolic bands, and many-particle effects were treatelgand offset. A level shift caused by band bending in the
as later on corrections. quantum well is not considered, since the theory is applied to
well-doped samples only with uniform doping. The effect of
nonparabolicity on the intersubband transition energy is il-

) lustrated in Fig. 1, discussed in the next section.
The subband levels were obtained from the standard tran-

scendental equation for a rectangular potential in the para-

bolic limit.*® Nonparabolicity was considered through B. Many-body effects

energy-dzepzendent masses in this equdﬁdﬁ,glv_en by Two many-body phenomena are considered, the exchange
m(E) =7%°k*/[2E(k)]. The electron energy dispersioBgk)  interaction and the direct Coulomb interaction in a doped
were described by the three-band Kane mdddlhe input  quantum welP* The shifts caused by the exchange interac-
parameters of this model—the band-edge mags, the  ion on the level positions of the first subbari?, and of
band-gap energ§g, and the spin-orbit splittindsywere  the second subban&(®), were calculated using the follow-
taken as followsmp =0.19m, (see below, Ec=2.5 eV, ing expressions derived in Ref. 22:

and A50=0.07 eV for CdS andmp =0.16mg, Eg
ZIAE k 1 5 L
7kl 16 '

A. Band nonparabolicity

=2.82 eV, andAgo=0.43 eV for ZnSe;m, denotes the e2ke
free-electron mass. The CdS conduction band dispersion of E{Y. (k)= —
the Kane model was compared to recent HPT and linear

combination of atomic orbitaléLCAO) results of Refs. 16

and 17, respectively, and found to lay in between of theséor k<<kg and

4mee
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. ke [2( k. [ke| KE—K2_ (ke sheet densit_;n3d(z)=n2d|¢1(z)|2. Here ¢1(2) and ¢,(2)
EQ (k)=— —\iEl |+ ——K|— are the confined wave functions of the first and second sub-
Admeey| m | ke | K kke k :
bands, respectively.

density is illustrated in Fig. 1. The curves were calculated for
a CdS/zZnSe single quantum well with a well width of 2 nm
and a conduction band offset of 750 mésee below. The

two straight lines denote the single-particle transition ener-
gies without many-body effects. The upper one, labeled by
T Egzlparabonc, corresponds to the parabolic limit and is shown
36mee for comparison purposes only. The lower one, labeled by

Here ke = \27n,q is the Fermi wave vector witim,g the Ei, is _the single-particle tr_a_nS|t|on energy including the
. . Lo - conduction band nonparabolicity. Inclusion of nonparabolic-
two-dimensional electron densitiy. andK are complete el-

liptic integrals,k is the in-plane wave vector, andthe well ity r_esults in a redshift of 8% (38 me_\/), and hence makes
width. an important effect at a 2-nm well width. The two curved

The direct Coulomb interaction causes shifts approxi-"nes illustrate the inclusion of many-body effects to the tran-

1 5 The effect of these shifts as function of the sheet electron
_(5_ 8w2) kFL}
for k>kg for the first subband and for the second subband

5e?k2L
.

mately described By sition energyE?,. The lower curve(short dashed line la-
beled byEi;4epolexc: COrresponds to the inclusion of the
" 3n,4e’L depolarization shifte, andO the excitonlikellzeffecﬁlz only,
Edirect_Fefo as given byEsgepotexc=E1o( 1+ @15~ B15) M2 Inclusion of
these two effects causes a net redshift with increasing elec-
and tron density. This means that the excitonlike effect dominates
the depolarization shift in CdS/ZnSe heterostructures, in con-
@ N,qe’L trast to GaAs-based heterostructures, where the opposite ap-
Edirect:4ﬂ_266 : plies and the two effects cause a net blueRithe upper
0 curve(solid ling), labeled byE{3"9 , includes, additionally to
The transition energ¥, becomes the depolarization shift and the excitonlike effect, the ex-
change interaction and the direct Coulomb interaction. Inclu-
E 1= Efy+ AEeycrt AEgirects sion of these interactions outweighs the redshift of the depo-

larization and excitonlike effect and results in an overall

with Egz the single-particle transition energyAEc,ch blueshift of the absorption peak energy.

= E(ezx)ch_ E(elx)ch>0 andAEgirect= Egzir)ect_ Eélir)ect< 0. Since
|AEexcH is greater thanAEg;..{, the transition energy
shifts to the blue with increasing electron density.

The measured peak position of the absorption signal is
shifted from theE,, transition energy owing to the depolar- A. E, intersubband transition
ization shift?>?*the excitonlike effect® and the coupling to
longitudinal optical phonongplasmon phonon couplin i o ) o )
Thg effect of Ft)he phFc))non CoEpIing is Eegligible, siFr)lcegthet'on’TP' divided by that ins polar|zat|03n,TSL;)f the barne.r-
transition energies in discussion distinctly exceed the enedoped sample MQW1npp=1.3X 10_1 cm ). The ordi-
gies of the involved phonons. The depolarization shift and'ate is the negative logarithm of this ratio corresponding to
excitonlike effect were considered using the formalism ofthe absorption. The lower inset shows the waveguide geom-

Ref. 24. There the absorption peak positiB*®is given by ~ €ty and the light path of the infrared beam with an indica-
tion of the electric field directions of treandp polarization.

IV. CdS/ZnSe MULTIPLE QUANTUM WELLS

Figure 2 shows the transmission spectrunpipolariza-

Egzbs): Elzm' The infrared beam typically undergoes one or two internal
reflections in the sample. The midinfrared absorption signal
with the depolarization shift observed between 2500 and 4000 Cnis assigned to the
excitation of electrons from the first subband to the second
2en,g [+ z , S 2 subband. The absorption reaches a value of 0.23 at the peak
@12~ EbfoEuJ—m dz( f_md’l(z )¢2(2')dz energy of 404 meV. This remarkable value results from the
high ground-state electron density and the small in-plane in-
and excitonlike effect clination of the infrared beam of only 28° because of the
refractive index step at the 111-V/II-VI interfac®. The rela-
2d [T 5 » MNVxe(N34(2)) tively large width of 38 meV reflects the low mobility ob-
B12=— Enl . dz¢1(2)¢2(2) T anag(2)) served in electrically contacted two-dimensional electron gas

(2DEG) structures® The oscillator strengths extracted from
€p, is the background dielectric constant, avigh(nsy(z)) is  the integrated absorption of a number of different samples
the exchange correlation potentiaas a function of the local are found to agree reasonably with thedfty.
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Photon energy (meV) 500— y y y y y
T=10K . ---- AE. =850 meV
300 350 400 450 500 < N AE =750 meV
T . r - - GE) 450} ermemee AE = 700 MeV
0.3} e MQW 1 1 = o/ o\
2 o ., .
_E‘ E, CdS/ZnSe:Cl W 400} 7 AN L
132 - / 3\ —
Nyp=1.3x10"cm ) /
o 350t AT
0.2F Znse] [ ok ] 5 N
o =10 c
':tn £ds g 300 A E,, measured, nominal width
[N B B E,, corrected, spectroscopic width
= S ——Theory E,,
c 01} L = 250} = — Theory continuum transitions
10 15 20 25 30 35
Well width (nm)
0.0 : . . .
&, CdS/ZnSe FIG. 4. Measured intersubband transition energies against well
ppol.” ¥ ,Av width before(open triangles and after(solid squaresindividual
s-pol. ‘Am well width and many-body corrections. Lines represent the single-
sot particle transition energy for bound-to-bound and bound-to-
2500 3000 3500 4000 continuum transitions with conduction band offsets as indicated.

-1
Viave hamber (em') Figure 3b) shows the measured integrated absorptsmiid

FIG. 2. Intersubband absorption spectrum of the heavily dopedduaresagainst the polarization angle. From simple geomet-
MQW1. ric optics, the angular dependence of the integrated intersub-
band absorption is predicted to vary as’od his prediction
B. Selection rules is shown by .the solid curve in Fig.(B). It is in excellent
agreement with the experimental data. As a result, the polar-
Since the spin-orbit splitting is very small in CdS, the jzation selection rule is well fulfilled for the conduction band
polarization selection rule for intersubband transitions is exintersubband transitions in CdS/zZnSe quantum wells, and
pected to be fulfilled? that is, the transition matrix element substantial strain or interface effects do not show up in the
should be nonzero only for electric field components alongyresent samples.
the confinement directionp( polarization. However, strain
and interface effects in the highly strained, thin quantum well ) )
samples may affect the validity of the polarization selection ~ C- Well width dependence and conduction band offset
rule. In order to test it, polarization-dependent measurements Since the intersubband transition energies in the small
were performed. Figure (8 shows a set of—In(T,/T)  quantum wells depend critically on well width, we did not
curves of sample MQW1 measured at different polarizatiorrely on the nominal thicknesses only, but derived a well
anglesy. Here y=0° corresponds t@ polarization(maxi-  width by measuring the interband transition energy as well as
mum coupling and y=90° to s polarization(no coupling.  the intersubband transition energy. The interband transition
energies were obtained from photoluminescence spectra cor-

Photon energy (meV) recting for the Stokes shift along Ref. 29 and for the many-
300 350 400 450 body effects. An example of an interband photoluminines-
o 160 — o cence spectrum is shown in Fig(a¥y below. Because the
To10K To10K same model is used to calculate the intersubband as well as

02 the interband transition energy, the two adjustable parameters

of the model can both be treated as fit parameters. Fitting the
model to the two observed transition energies thus provides
the well width and the band offset of a given sample. Five
well-doped MQW samples have been analyzed in this way.
The well widths determined by the spectroscopic method
agreed satisfactorily to the nominal widttis1 monolayer
with a single exception where it was smaller by 20%. The
l conduction band offsets scattered around 750 meV within a
35I00 4000 (I) 4I0 8.0 50 meV range'

Figure 4 shows the intersubband transition energigof
these five samples against the well width. Open triangles

FIG. 3. (a) Intersubband absorption spectra of MQW1 measuredd€note the measured absorption peak energies plotted against
at four different polarization angleg. (b) Integrated intersubband the nominal width. Solid squares denote the single-particle
absorption against the polarization angkymbol$ and a fit to  transition energies: that is, after correction by many-body
cosy (solid line). effects, plotted against thepectroscopiavidth. Because the

-
n
(=]

(@ [ (b)

o
(=]
T

40 m  Measured
integrated
absorption

ol 1,008y

Integrated absorption (cm“)

0052 L
2500 3000

Wave number (cm") Polarization angle y (degree)
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samples are doped differently, the many-body corrections 429F 7 ' ' ' ' T ]
had to be made individually and could not be included in a MWQ2
theoretical curve. The solid curve represents the calculated E_ CdS:Cl/ZnSe |

single-particle transition energy using a conduction band off-
set of 750 meV. A good agreement is observed between the %;
theoretical and the experimental transition energies, provided g 4271
the spectroscopiavell widths are used and many-body cor- ‘{_\.

w

Nyo= 6 x10'%cm®

rections are taken into account. The many-body corrections 426 -
are smaller compared to the well width corrections, but they

are significant and improve the agreement. One conclusion is 425} i
that the quantum wells are sufficiently well described by a 0 50 100 150 200 250 300

rectangular model potential. Second, the determination of the
well width from intersubband and interband transitions ap-

pears to be consistent and to give the “true” widths within - £ 5 Measured temperature dependence of the intersubband

the model approximations. A third conclusion concerns theypsorption peak energy of MQWihe line is a guide for the eye
energy range of intersubband transitions in CdS/ZnSgpyy).

MQW'’s obtainable by varying the well width. The solid
curve indicates that the transition energy is tunable betweeny antzian line shape with a full width of half maximum of
150 meV and 450 meV by varying the well width between g 7 mev. The strength of the observed infrared absorption

4.5 nmand 1.7 nm. , , suggests an occupation number of the subband ground state
The offset value of the strained quantum well obtained byt the order of a few 18 cm™2. in agreement with the

fitting is 750"5,” meV. The error limits correspond to the pominal value of 6<10° cm 2. Figure Gb) shows the
dotted lines in Fig. 4. At larger well widths, the fit becomes gpectrum of the photoinduced intersubband absorgBoA),

less sensitive to the offset value, the latter being fixed mainly_|n(-|—p* IT,). HereT,, denotes the-polarized transmission

by the small width samples. The obtained value is 70 meVspectrum under interband laser excitation,, as usual,
smaller than that determined recently from a series of singl§ithout laser excitation. The PIA spectrum has a line shape
quantum well8 (in this reference, an exciton binding energy gimilar to that of the absorption spectrum of Figa)due to

of 20 meV was erroneously taken into account, so the offsegoping and has its maximum at the same energetic position.
of the strained quantum well would be actually 820 meV).Therefore, the photoexcitation of additional electrons into
The smaller offset value in the present samples is attributeghe first subband does not change the spectral distribution of
to an increased amount of intermixing due to the higher subthe 2DEG in the first subband.

strate temperature compared to that used for preparation of |n order to discuss the dependence on excitation density,

the previous samples (140°C higherf the previous first the population density as function of the laser intensity
samples are assumed to have binary CdS quantum wells, the

70-meV offset reduction would correspond to about 12%
zinc admixture into the quantum well.

Temperature (K)

Photon energy (meV)

400 420 440
) M 1 | M 1
D. Temperature dependence 0.12F (a) ! Mawz o 2
N,p=6x10"cm
The temperature dependence of the intersubband transi- "o
tion energy has been measured on the lightly well-doped 2 0.0
sample MQW2 (1,5 =6x 10" cm™?) because of its sharper =
absorption line. The transition energy decreases by nearly <
3 meV between 10 K and 295 K as shown in Fig. 5. This 008

decrease translates to a decrease of the conduction band off- : L
set of 8 meV, assuming the many-body correction of
5 meV and all other parameters to be temperature-
independent. About 1 meV may be attributed to the strain- - (b)

0.06
Photo-induced

absorption of

induced lowering of the CdS conduction band edge by ther- Q004 MQW 2

mal misfit to the ZnSe. The remaining 7 meV are attributed = | T=10K Ar" 488 nm
to differences in the band gap shrinkage between the CdS ;m 5 Wiem®
and the ZnSe. This is a small change of only 1%; that is, the = 0.02F

conduction band offset does not depend very much on tem- -

perature. 0.00 . . , .

3300 3400 3500 3600

1
E. Photoinduced intersubband absorption Wave number {(cm")

Figure Ga) shows the intersubband absorption spectrum FIG. 6. (a) Measured intersubband absorption spectrum of
of MQW?2 measured at 10 K. The absorption curve fits to aMQW2. (b) Photoinduced intersubband absorption of MQW2.
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Two possible quantitative scenarios which can describe

@ PL A'?,S,;-‘ ®) this behavior are the followingi) Most of the photogener-

° ;. § 3 i ated holes are localized near the CdS/ZnSe interface due to
2 \ —~ S| L Fiem Coulomb interactions until they recombine radiatively or
3 e 5 8 - i nonradiatively with an electron of the two-dimensional elec-
2 .1'_ 8 E |meos * tron gas. The almost linear dependence of the photolumines-
5 T § 5 . cence signal on the laser intensity is determined by these
2 i"‘i‘g’f s £ dominating recombination processes. The small part of the
5 / - § B i A laser photoexcited holes which are localized in the ZnSe barriers
2 e |5 ® . 488 nm away from the interface have a longer lifetime due to the
2 £ 2 .‘f 254 eV smaller overlap of the wave functions and a reduced recom-
2 ¥ . _ ] = L bination probability. In contrast to the interband photolumi-
21 2.2 23 24 0 20 40 60 80 100

nescence the photoinduced intersubband absorption is very
sensitive to this subgroup of long-lived holes. Then the satu-
ration of the PIA signal is a consequence of the limited num-

FIG. 7. (a) Photoluminescence and absorption spectra of MQW2nher of hole localization centersii) The behavior of the in-

in the energy range _of the lowest interband transit(t_)mntegrated terband photoluminescence is explained in the same way as
interband photoluminescence of MQW2 as function of the lasef;pgye A small part of the photoexcited holes can also re-
power. combine with electrons of the conduction band of the ZnSe
barriers leading to an effective longer lifetime of the photo-
is studied from the interband photoluminescence. The intergenerated electrons. In this case the saturation can be ex-
band photoluminescence and the interband absorption speglained by the limited number of electrons in the conduction
trum of MQW?2 are shown in Fig.(d). No excitonic features band of the nonintentionally doped ZnSe barrier.
are observed in the absorption spectrum as a result of the According to Ref. 30, the experimentally determined val-
type-Il band alignment, in agreement with the absence of aies for the IPIA have been fitted by
spectral shift of the PIA spectrum. FigurébY shows the
integrated interband photoluminescence against the exciting
laser intensity. The dependence on laser intensity is linear up
to 100 W cmi 2, meaning that the total density of photoex-
cited electron-hole pairs varies linear in the considered derwherek is a constantg is the photoexcitation generation
sity regime. On the other hand, the integrated photoinducetfte, andNs is the saturation density. The parameters ob-
intersubband absorpticiiPIA) grows very rapidly with low  tained from the fit shown in Fig. 8 afds=5x10" cm™2
laser intensities €1 Wcm ?) and saturates at excitation and7=6 us.
intensities above 1 Wcnft, i.e., at photoinduced carrier
densities of about 5 10'° cn? (Fig. 8). The fast increase of
the IPIA at low laser intensities suggests a lifetime in the
order of 1 us. Therefore, it can be concluded that the PIA is
due to a subgroup of long-lived photoexcited electrons. Since The selection rules for transitions between the fir(tk))
the photogenerated electrons are not distinguishable from thend the second minibart, (k) in the conduction band are

N
|P|A=kNp,A=kb

g7+Ng’ 4.0

V. CdS/ZnSe SUPERLATTICES

A. Interminiband transitions in the conduction band

already existing ones, the long lifetime must be due to ahe same as in case of the intersubband transitions. However,
subgroup of photoexcited holes.

FIG. 8. Integrated photoinduced intersubband absorption of

Pump intensity (W/cmz)

the width of the infrared absorption peaks of interminiband
transitions is not determined by collisional or homogeneous
broadening, but rather by the intrinsic width of the involved

56- Integrated photo-induced 1 minibands. This increased width of the interminiband ab-
5 sl intersubband absorption | sorption spectra is visible in all spectra shown in Fig. 9.

B Figure 9a) shows the calculated miniband dispersion us-
2,40 Mawz | ing a conduction band offset of 750 meV and parameters
5 T=10K corresponding to that of the superlattice sample SL1. It has
§ 3t ) . been determined by solving the standard transcendental
g " Experiment equatiort® using energy-dependent effective masses to take
§ ol Fit . account of the nonparabolicity. The calculated width of the
2q1 Ar* laser 488 nm i first miniband is 26 meV. The calculated interminiband
= transition energy between the first and second minibands is
go e X . m 378 meV at the edge of the Brillouin zone. Transition ener-

gies above about 420 meV belong to transitions into con-
tinuum states.
Figure 9b) shows the interminiband absorption spectra

MQW?2 as function of the laser power. The fit corresponds to Eqmeasured at three different temperatures on SL1, which has

4.7.

uniformly doped CdS layers. Using the tight-binding model,
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900 F ~ - Miniband dispersions for SL1 1 [ Photo-induced absorption T=10K
; @) ~ of L2 {undoped) Conduction band
. +
GE) 800 ~ o ZnSe CBedge 0.02 Ar4ss nm transitions
-~ e e e e e _J > 50 W/em -
) 7004 7,\ [
& 7 T <
o 420 meV F 378 meV *:' """"" NR
i 7 i 0.01f T -
-c% 360 ‘/J—__— | L_E » Valence band v )
.-g 320k 26 meV ' L ransitons—_ _ - s-polarization .
E p-polarization
28%0 I2 L L L L L 0 00 N . N N 550
X 0. 04 06 038 1,0 12 - 200 300 700 500
Wave vector kz (n/dSL) Photon energy (meV)
T T T T T T FIG. 10. Photoinduced interminiband absorption of SL2 gor
(b) 1 Interminiband absorption andp polarization
of SL 1 '
T=295K . . -
. higher wave vectors become occupied. Lifting an electron
2 \ from these states into the continuum or into the second mini-
:& : T=150 K band then requires less energy, increasing absorption on the
= ! low-energy side.
a The measured photoinduced interminiband absorption
378 420 meV spectra of SL1 are shown in Fig(c9. With increasing pump
v / L , \ h intensity tuned from zero up to 5 W ¢, the absorption
300 350 400 450 500 550 becomes stronger. This effect can be understood by an in-
Photon energy (meV) creased population of the lowest miniband due to photoex-
cited electrons. Because of the greater number of periods of
('c) T ': Photo-induced ablsorpt'ion T the superlattice compared to ';h_e MQW, the gbsorptlon of the
| of SL 1 To10K pump laser beam is more efficient, generating a larger elec-
0,02} ; : : o L
’ pump intensity: tron density. The photoinduced interminiband absorption is
. 0.007 W/em® up to observed to shift red with increasing pump intensity. This
- 5 Wiem® A redshift is interpreted by a filling of the first miniband to
o 0,01 ¥ higher wave vectors. At the highest pump intensity, the spec-
"_E ' trum indicates the presence of two “peaks,” possibly reflect-
- ing the increased density of states at the center and the edge
of the Brillouin zone. Similarly to the change of occupation
0.00 L , , , . - by a temperature increase, the filling of the first miniband
" 300 350 400 450 500 550 decreases the transition energy of the interminiband transi-

Photon energy (meV) tion. It has already been shown that the miniband dispersion
can be evaluated from the temperature dependence of the
interminiband absorption profif&.We suggest here that the
dispersion may also be evaluated by studying phetoin-
ducedinterminiband absorption in dependence on the photo-
gxcitation density.

FIG. 9. (a) Calculated miniband dispersions of SL1 with a pe-
riod of dg; =4 nm, (b) interminiband absorption spectra of SL1 as
function of temperaturdfor clarity the spectra are shifted verti-
cally), and (c) photoinduced interminiband absorption spectra of
SL1 recorded at various laser intensities. The dashed vertical lin
marks the peak maximum at low temperature and low excitation

density. B. Interminiband transitions in the valence band

the Fermi level is estimated to be at most 25 meV above the In contrast to electronic transitions in the conduction band
minimum of the lowest miniband, meaning that only the firstdiscussed so far, transitions between minibands built up from
miniband is occupied. Therefore and because of the agredifferent valence bands, like heavy holelH), light hole
ment with the calculated transition energies, the observe@.H), and spin-orbit split-ofiSO) bands, are allowed only
maximum in the midinfrared absorption spectra is attributedfor light polarized perpendicular to the confinement
to electronic transitions from the first to the second mini-direction®?3 Experimentally, intersubband valence band
band. In analogy to investigations on IlI-V semiconductortransitions have already been observeditype-doped Si/
superlattice$! asymmetric absorption bands are observedSiGe heterostructures. Figure 10 shows the photoinduced in-
which are explained by the dispersion of the minibands. Withterminiband absorption spectra of the undoped sample SL2,
increasing temperature, the interminiband absorptiomecorded fois- andp-polarized infrared beams. Bipolariza-
maxima in Fig. 9b) are observed to shift red. This redshift is tion, a broad asymmetric band is observed between
attributed to some redistribution of the population in the first150 meV and 500 meV. It is assigned to photoinduced in-
miniband: with increasing temperature, states at increasinglterminiband transitions between the miniband ground states
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built up from HH-, LH-, and SO- valence bands. prpolar- 100 T T T T
ization, the same band is observed, superimposed by a more (a) c-CdS  n. =7.3x10"cm®
sharp absorption feature around 400 meV. This feature is . S9f+ _ Experi:;ema, ofloctance
assigned to interminiband transitions in the conduction band. & ol — = - Drude-Lorentz fit

The appearance of the valence band transitiomspalariza- 3

tion is related to the fact the infrared beam is inclined to the g ol ,=2335 om’

layer plane and irp polarization has also an electric field é ,

component perpendicular to the confinement direction. The 2  20f S

assignment of the broad absorption band to transitions in the h A

valence bands is supported by a calculation. The calculated O 7090 5000
transition energies for HH: SO1 and LH1-SO1 are situ-

ated at about 360 meV and 260 meV, respectively. We note
that, while intersubband transitions in the valence bands of

Wave number (cm’')

p-type heterostructures are well known, valence band inter- E% 024} (b) Effective slectron mass of c-GdS
miniband transitions of superlattices have not yet been re-
%]
ported. 2 ool
E
VI. ELECTRON MASS OF CUBIC CdS 2 020
[6]
. . [0
The effective electron mass of cubic CdS has been deter- % Experiment
. . ! ) " 0.18}
mined recently in Ref. 8 from a fit of the interband transition 3 Fit
energies of CdS/ZnSe single quantum wells with a value of B 016 . .
(0.18£0.5)my. In principle, the mass should be determined o - 1 10
more precisely from infrared reflection spectroscopy and Free-electron density (10190m'3)
known carrier densities from bulk samples. A series of de-
generately doped thick layers>@ um) of cubic CdS was FIG. 11. (a) Measured and calculated reflection spectra of a

prepared and investigated by Hall effect measurententsheavilyn-type-dopect-CdS layer(b) The optical effective electron
These data yield the free-electron densiting;. The  Massas function of the free-electron density. The line is a fit of Eq.
screened plasma frequencieg of these samples were ob- (6.3

tained from infrared reflection spectra recorded at nearly nor-

mal incidence to the surface and evaluated by a DrudeFigure 11b) shows experimental optical masses of five
Lorentz fit. As an example, Fig. 14 shows the reflection Samples doped betweerx30'® cm™* and 8x< 10" cm ™.
Spectrum Of a CdS |ayer Withgd: 7.4%X 1019 Cm_3 in the They were determined through E(@l) from the measured
frequency range of the plasmon resonance. The minimum &fee-electron densitiessy and plasma frequencies,. The
4200 cm' is caused by Fabry-Perot interferences and issolid curve is a fit of Eq(6.3) with the band edge massr
used to determine sample thickness additionally. The dasheak fit parameter. The resulting electron masm}%=(0.19
curve is the Drude-Lorentz fit and reproduces well the mea-=- g.01)m,. This value is within the range of electron masses
sured spectrum except a small dip at around 3200 ‘cthe  reported for hexagonal CdRef. 36 and is more precise by

origin of which is unknown. o a factor of 5 compared to the above-mentioned result from
The screened plasma frequency is giveR*by CdS quantum wells.

n3d82
wp=\/ T, (6.1 VII. CONCLUSIONS
€p€0Mgp

] ) ] ] . Strong intersubband and interminiband absorption signals
wherem,, is the optlcal_ effect'Ne mass. The'optlcal effective have been observed imtype-doped CdS/ZnSe quantum well
mass relates the Ferml velc_JC|ty to the Fermi wave vector angnq superlattice samples prepared in a waveguide geometry.
is given by(spherical Fermi surfage This is a consequence of the high doping levels attainable in
this materials and an efficient coupling of the infrared beam
caused by the refractive index step at the 1l-VI/GaAs sub-
strate interface. Polarization-dependent measurements veri-
fied the polarization selection rule for conduction band tran-
A nonparabolic bandE(k) means a dependence of the opti- Sitions. Experimentally observed transition energies are in
cal effective mass on the free-carrier density. This depend0o0d agreement with those calculated, if many-body effects

dence can be approximately described, after neglect of th@nd conduction band nonparabolicity are taken into account,
small spin-orbit splitting, by and if corrected well widths are used. The actual well widths

were determined by fitting the measured intersubband and

interband transition energies. The conduction band offset of
(6.3 the strained quantum well is derived to be 748 meV for

the present samples. On this basis it is predicted that, by

1 1

dE(K)

dk

— 6.2
mop hsz ( )

ke

1 1

2
Mrg | “h2(37m%ngq) 22
_ 1—(1— ) (37%n5q)
Mop  Mr,

mq mFGEG
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varying the well width, the intersubband absorption can bahe electron distribution in the lowest miniband or to learn
tuned between 150 meV and 450 meV. This might be in-about the properties of excited electron hole pairs in a two-
teresting for an application as midinfrared detector. dimensional electron gas.

Photoinduced intersubband and interminiband absorption Finally, the effective electron band-edge mass of cubic
is studied as function of the photoexcitation density. In con-CdS has been determined m}6=(0.19i 0.01)mg using a
trast to the linear behavior of the interband photoluminestombination of Hall effect and infrared reflection measure-
cence intensity, the intersubband absorption of quanturfents.
wells shows a nonlinear saturation behavior which has been
explained by recombination and localization processes. In
superlattices, evidence for valence band interminiband tran-
sitions was observed. It has been demonstrated that the This work was supported by the Deutsche Forschungsge-
pump-probe spectroscopy is a very sensitive means to studyeinschatft.
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