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Optical method for the determination of carrier density in modulation-doped quantum wells
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An optical method is suggested to determine the concentration of two-dimensional electrons in modulation-
doped quantum wells at low and moderate electron densities between 109 and 231011 cm22. The method is
based on an analysis of magnetoreflectivity spectra of charged excitons~trions!. The circular polarization
degree and the oscillator strength of the charged excitons contain information about the density and spin
polarization of two-dimensional electron gas. The method is applied to CdTe/~Cd,Mg!Te and ZnSe/
~Zn,Mg!~S,Se! heterostructures.
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I. INTRODUCTION

Optical properties of low-dimensional semiconductor h
erostructures with quantum wells~QWs! have been studied
in a great detail for two limiting cases:~i! undoped QWs
~containing no free carriers! where optical spectra near th
band gap are dominated by excitons~that is correlated state
of photogenerated electron-hole pairs!, and ~ii ! QWs with
high density of quasi-two-dimensional electron or hole g
~2DEG or 2DHG, respectively! due to modulation doping in
barriers. In the presence of a high density of carriers,
excitons are screened, but the electron-hole correlat
caused by the Coulomb interaction show up in optical sp
tra as the, so-called, Fermi-edge singularity~FES!.1

Recently, the regimes of low and moderate densities
the free carriers in QWs became a subject of intensive inv
tigation. It is characterized by the coexistence of excito
and excitonic complexes with free carriers. With an incre
ing density of the free carriers, excitonic optical spectra
modified and gradually transform into the FES regime.2–5An
electron-exciton interaction induces a number of interes
effects characteristic for these low and moderate carrier d
sities. Examples of those include formation of charged ex
ton states~trions!,6 combined exciton-cyclotron and trion
cyclotron resonances in magneto-optical spectra,7,8 shake-up
processes in the emission spectra,9 and spin-dependen
exciton-electron scattering contributions to a homogene
linewidth of the excitons.10,11 These studies were possib
because of a high quality of II-VI QW structures, based
CdTe and ZnSe. The stronger Coulomb interaction in II-
semiconductors, compared to that in III-V materials such
GaAs, makes II-VI heterostructures a very suitable mo
system for the optical studies of various phenomena indu
by the exciton-electron interaction.

For such studies, a detailed information concerning
system of the free carriers, such as their concentration
degree of spin polarization by an external magnetic field
of importance. One possible way to determine carrier c
centration of low and moderate densities is to use the me
based on dimensional magnetoplasma resonance.12 This
method requires high mobility of the carriers and has b
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successfully applied for III-V heterostructures only. Unfort
nately, application of usual magnetotransport methods or
cyclotron resonance technique, which were successfully u
in the case of III-V heterostructures with highly mobi
carriers,13 are very limited in wide-gap II-VI heterostructure
because the latter exhibit relatively low mobility of electro
and holes. These methods can only be used in the cas
modulation-doped QWs with high concentration of carrie
exceeding 531011 cm22.14–17 To investigate the regime o
low and moderate carrier densities, a reliable all-opti
method of determination of the parameters of the free car
systems is required.

It has been shown for II-VI heterostructures with hig
concentration of free carriers, when the excitonic effects
screened out, than the all-optical methods can be use
characterize the two-dimensional carrier gas. Sharp chan
of the intensity and energy position of photoluminescen
lines at integer filling factors18,19and the Moss-Burstein shif
between the emission and absorption lines20 are among them.
In CdTe-based QWs the analysis of Moss-Burstein shift
lows to measure the carrier concentrations only above
31011 cm22. In diluted magnetic semiconductor QWs o
~Cd,Mn!Te, due to a spin-polarization induced by the 2DH
via the giant Zeeman splitting, the sensitivity of the meth
can be extended down to hole concentrations of
31010 cm22.20 At high 2DEG~2DHG! densities, exceeding
1011 cm22, the carrier concentration in QWs can be al
estimated from width of photoluminescence band, which
contributed by Fermi energy of carriers.21,22

Another approach to the problem of assessing the pro
ties of 2D carriers can make use of the charged excit
~trions!. Consisting of three carriers~two electrons and one
hole in the case of the negatively charged exciton, and
holes and one electron in the case of the positively char
exciton!, the trions formed by photon absorption have to
corporate a free carrier. As a result the oscillator strength
a trion optical transitions is directly linked to the 2D carri
density. At low densities these two quantities are direc
proportional to each other.11,20 In turn, the degree of spin
polarization of the 2D carriers in external magnetic fields
also reflected by the polarization of the trions.23,24
©2002 The American Physical Society10-1
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In this paper we present an optical method to determ
the carrier concentration in QW’s at low and moderate c
rier densities ~from 109 cm22 to 231011 cm22!. The
method is based on the analysis of the polarization of tri
in magnetic fields and on the oscillator strength of trion re
nances in reflectivity spectra. The method is demonstra
for CdTe/~Cd,Mg!Te and ZnSe/~Zn,Mg!~S,Se! quantum
wells with 2DEG.

II. SAMPLES AND EXPERIMENT

We have investigated modulation-dope
CdTe/Cd0.7Mg0.3Te and ZnSe/Zn0.89Mg0.11S0.18Se0.82 single
quantum well structures~SQW! grown by molecular-beam
epitaxy on~100!-oriented GaAs substrates. The electron d
sity in the QW’s was varied fromne'53109 to 2
31011 cm22. A band scheme for the studied CdTe- a
ZnSe-based structures is presented in Fig. 1.

CdTe/Cd0.7Mg0.3Te structures consist of an 80 Å wid
CdTe SQW separated from the surface by a 750 Å w
Cd0.7Mg0.3Te barrier. The band offsets in the conducti
band and in the valence band areDEC'370 meV andDEV
'155 meV, respectively. The structures containd-doped
layers with iodine impurities having concentration up to
31017 cm23 positioned at a distance ofL5100 Å from the
SQW ~see Fig. 1!. A nominally undoped sample and thre
doped samples with various width of thed-layer, namely, 10,
20, and 50 Å wide, were studied. The samples with differ
electron densities were fabricated on the same substrate
ing the wedge growth mode. It allows to vary the dop
d-layer and to keep all the other relevant QW parame
~such as the QW width, the barrier height, background
purity concentration, etc.! constant at the same time~for de-
tails, see Ref. 25!.

The electron binding energy to an iodine shallow donor
CdTe is about 14 meV.26 At low temperatures the electron
from the donors are moved over to the QW. As a result
d-layer is positively charged while the QW is negative
charged. This induces an electric field and causes the b

FIG. 1. Band edge profiles in a heterostructure containin
single quantum well with a 2DEG and ad layer of donors.
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bending shown schematically in Fig. 1. The estimated va
of the electric field does not exceedDEC /L;105 V/cm. In
CdTe-based structures, due to the large value of band dis
tinuity DEC in comparison with the band bending, most
the electrons from the donord-layer is trapped in the QW
and the 2DEG density is nearly equal to the two-dimensio
concentration of donors.

In ZnSe/Zn0.89Mg0.11S0.18Se0.82 structures an 80-Å-wide
ZnSe SQW is located between 1000 Å and 500 Å w
Zn0.89Mg0.11S0.18Se0.82 barriers. The structures contain 30-Å
wide d layers at a distance ofL5100 Å from the QW doped
with chlorine, whose donor binding energy in ZnSe is
meV.27 A set of structures with different doping levels var
ing in the carrier concentration from 631017 cm23 to 8
31018 cm23 was fabricated. Since the band-gap discontin
ity in the conduction band isDEC('DEV)5100 meV, it
could be compensated by the electric field due to the ioni
donors in thed layer. As a result the Fermi level is pinned b
the donors and only a small part of donor electrons~5–10 %!
is transferred to the QW.

Reflectivity spectra of the samples were measured at
K in external magnetic fields up to 7.5 T applied in the F
aday geometry. Achromatic quarter-wavelength plates w
used to analyze circularly polarized light. The light sign
was detected by a charge-coupled device after being
persed in a 1-m monochromator. A halogen lamp was use
a light source. Most of the reflectivity measurements w
performed at normal incidence and only some spectra w
taken under Brewster angle incidence in order to anal
transitions with very weak oscillator strength.

The carrier concentration in the modulation-doped QW
is known to depend strongly on an additional, above-t
barrier illumination.20 For low illumination intensity, the
electron concentration in a QW increases with increasing
tensity and, then, saturates at a high illumination power. T
detailed analysis of this effect for the structures studied is
a subject of this paper and will be discussed elsewher28

Note that in our experiments we used the conditions of hi
intensity illumination controlled by a halogen lamp in ord
to achieve the maximum electron concentration in QWs.

III. MAGNETOREFLECTIVITY SPECTRA OF TRIONS

Figure 2 shows the modification of reflectivity spectra
CdTe and ZnSe structures with increasing electron den
In the nominally undoped CdTe QW only the exciton res
nance~X! at 1.634 eV is observable in the reflectivity spe
trum displayed in Fig. 2~a!. The presence of electrons in th
QW with ne553109 cm22 coming from the residual donor
in the barrier layers has been detected by reflectivity m
surements under the Brewster angle, the method describe
the present paper in Sec. VI. A new resonance of a negati
charged trionT appears at 1.630 eV in the spectra of dop
structures. The amplitude of the trion line increases with
electron density growing and it dominates in the reflectiv
spectrum forne5831010 cm22. A broadening and a de
crease of the amplitude of the excitonic resonance acc
pany this evolution. The observed modifications are typi
and have been reported for CdTe/~Cd,Zn!Te QWs with
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2DEG ~Ref. 3! and ~CdMn!Te/~Cd,Mg,Zn!Te QWs with
2DHG.20 The evolution of the reflectivity spectra of ZnS
based structures shown in Fig. 2~b! is very similar to that in
CdTe-based QWs. We note here that a detailed identifica
of the trion resonances in the reflectivity~absorption! spectra
of modulation-doped QWs have been published in Refs
and 23.

One of the distinct features of the trions is a strong cir
lar polarization of their reflectivity~absorption! lines in the
presence of a magnetic field.6 In Fig. 3~a! we present the
reflectivity spectra of a CdTe-based sample withne'8
31010 cm22 in a magnetic fieldB57.5 T for two circular
polarizationss1 ands2. Figure 3~b! shows the spectra of
ZnSe-based structure withne'631010 cm22 in a magnetic
field of 7.5 T. The strong polarization of the trion resonan
observed for both samples is attributed to the fact that
trion ground state is a singlet. In a singlet-state spins of
electrons forming the trion are antiparallel. In high enou
magnetic fields, when the 2DEG is completely spin pol
ized, the trions can be created by a photon with one spe
polarization only, namely, in the polarization that photoc
ates an electron with the spin directed oppositely to the s
of the background electrons. It occurs fors1 polarization in

FIG. 2. Reflectivity spectra of modulation doped SQW’s w
different electron density.~a! 80 Å wide CdTe/Cd0.7Mg0.3Te SQWs.
~b! 80 Å wide ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQWs. The electron
concentrations given in the figure were determined by an opt
method introduced in the present paper.
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n

6

-

e
e
o
h
-
fic
-
s

CdTe-based structures with a negative electrong factor,29

and fors2 polarization in ZnSe-based structures with a po
tive electrong factor.30,31 Some degree of polarization of th
exciton reflectivity line can also be observed in these spec
It is also caused by spin polarization of 2DEG, the details
the underlying mechanism described in Refs. 10, 11 and

The suggested method of determination of the 2DEG d
sity exploits the fact that the polarization degree of the tr
resonancePc

T(B), measured by means of the reflectivity,
absorption or transmission techniques, accurately renders
polarization of the 2DEGP2DEG(B)5Pc

T(B). The degree of
the circular polarization of the trion reflectivity line can b
determined from the experimentally measured quantities
ing the following relation:

Pc
T~B!5

G0
T12G0

T2

G0
T11G0

T2 . ~1!

Here G0
T1 and G0

T2 are the oscillator strengths of the trio
resonance detected ins1 ands2 circular polarizations, re-
spectively. Oscillator strength of the excitonG0

X and the trion
G0

T ~i.e., the radiative damping! were extracted from the re
flectivity spectra by the method described in Refs. 33 and
~see also Ref. 11!. The experimental dependenciesPc

T(B) are
plotted by circles in Figs. 4 and 5 for CdTe and ZnSe QW
with various electron concentrations. We will discuss in S
IV how the information on the 2DEG density can be e
tracted from these experimental data.

al

FIG. 3. Reflectivity spectra measured in a magnetic field of
T in s1 and s2 circular polarization from:~a! 80 Å wide
CdTe/Cd0.7Mg0.3Te SQW with ne5831010 cm22 and ~b! 80 Å
wide ZnSe/Zn0.89Mg0.11S0.18Se0.82 SQW with ne5631010 cm22.
0-3
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G. V. ASTAKHOV et al. PHYSICAL REVIEW B 65 115310
IV. SPIN POLARIZATION OF 2DEG

At low carrier densities and/or high temperatures, wh
the Fermi energy is smaller than the thermal energyEF
,kBT, the spin polarization of the nondegenerate 2DEG
described by Boltzmann statistics

FIG. 4. Magnetic-field-induced polarization of the trions
modulation-doped CdTe/Cd0.7Mg0.3Te QWs. Experimental data
~circles! are compared with model calculations for th
nondegenerate-~dashed lines! and degenerate~solid and dashed-
dotted lines! 2DEG. Electron densities determined from the best
~solid lines! are given in the figure panels. Dashed-dotted lines
panel ~b! correspond to calculation withne5531010 and 7
31010 cm22. They are given to show the accuracy of the meth

FIG. 5. Magnetic-field-induced polarization of the trions
modulation-doped ZnSe/Zn0.89Mg0.11S0.18Se0.82 QWs. Experimental
data~circles! are compared with model calculations for the nond
generate~dashed lines! and degenerate~solid lines! 2DEG. Electron
densities determined from the best fit are given in the figure pan
The dashed-dotted line in the panel~c! shows the best fit for the
degenerate 2DEG atEF5const(B).
11531
n
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P2DEG~B,T!5tanhS 2
mBgeB

2kBT D . ~2!

Here mB is the Bohr magneton,kB is the Boltzmann con-
stant, andge is theg factor of free electrons in the conduc
tion band. AtT51.6 K (kBT50.14 meV) the criterionEF
,kBT is met only for very dilute 2DEG with ne
<1010 cm22.

The Fermi-Dirac statistics should be used to describe
spin polarization of the 2DEG whenne.1010 cm22 at T
51.6 K. The following procedure is used to calculate t
spin-polarization properties of a 2DEG, in such case,

P2DEG~B,T,ne!5
N12N2

N11N2 . ~3!

HereN1 (N2) is the total number of electrons in all occu
pied Landau levels with a given spin orientation,

N6~EF!5(
i 50

`

Ni
6~EF!, ~4!

whereNi
1 (Ni

2) denotes the number of spin-polarized ele
trons on thei-th Landau level, ‘‘1’’ and ‘‘ 2’’ label 11/2 and
21/2 Zeeman sublevels, respectively. Further we have

Ni
6~EF!5

eB

h

1

11expS ~ i 1 1
2 !\vc6 1

2 gemBB2EF

kBT
D ~5!

with eB/h being the degeneracy of the Landau level,\vc
5\eB/me is the cyclotron energy, andme is the conduction
electron effective mass.EF is the Fermi energy, which de
pends on the electron concentration and the electron den
of states. The latter quantity changes in an external magn
field, makingEF(B). In the absence of the field we have

EF5
p\2

me
ne . ~6!

Usually, the electron densityne can be assumed to b
independent of the magnetic field, and then

N1~EF!1N2~EF!5ne5const~B!. ~7!

To calculateP2DEG(B) one should first determine theEF(B)
dependence for a fixed value ofne by inserting Eqs.~4! and
~5! into Eq. ~7!. An example of theEF(B) dependence for
ZnSe QWs withne51.231011 cm22 is plotted in Fig. 6 for
T50 and 1.6 K. Then, substituting this dependence in
~5!, the spin-polarization degree of 2DEG:P2DEG(B,T,ne)
can be calculated using Eq.~3!. We stress here that the onl
adjustable parameter in this approach is the value of the e
tron densityne . Therefore, by fitting Eq.~3! to the experi-
mental dependenciesPc

T(B) one can deduce the value of th
electron density.

It can be shown that, in fact, quite substantial changes
the electron spin polarization occur for filling factorsn,2,
when the lowest Landau level becomes partially occupied
this case\vc.EF , kBT and Eq.~3! can be simplified to

t
n

.

-

ls.
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P2DEG~B,T,ne!

5

expS 2
gemBB

2kBT D2expS gemBB

2kBT D
2 expS 2EF2\vc

2kBT D1expS 2
gemBB

2kBT D1expS gemBB

2kBT D .

~8!

It is easy to see that Eq.~8! for EF!\vc it reduces to Eq.
~2!, i.e., to the case of the Boltzmann statistics. In the op
site limit of EF@\vc the lowest Landau level is fully occu
pied andP2DEG50.

V. DETERMINATION OF THE 2DEG CONCENTRATION
FROM THE POLARIZATION DEPENDENCE OF

THE TRION REFLECTIVITY

Let us recall that our method of determination of the el
tron concentration uses the fact that the polarization of
trion line follows the polarization of 2DEG, i.e., tha
Pc

T(B)5P2DEG(B). These dependencies for the nondegen
ate electron gas calculated with the use of Eq.~2! are plotted
in Figs. 4 and 5 by the dashed lines. In the calculation we
T51.6 K and electrong-factor valuesge521.46 for CdTe-
based QWs ~Ref. 29! and ge511.14 for ZnSe-based
structures.30,31 The trion polarization for the slightly dope
samples (ne,331010 cm22) coincides very well with the
dashed lines~not shown in the figures!.

First we discuss the data for CdTe QWs. At a low electr
concentration@Fig. 4~a!# there is only a small deviation o
the experimental data from the Brillouin function. This d
viation increases for growing electron density@Fig. 4~b! and
~c!#. At the highest electron concentrations@Fig. 4~c!# the
trion line is completely unpolarized in low magnetic fields

FIG. 6. Fermi energy dependence on the magnetic field ca
lated in ZnSe QW withne51.231011 cm22. The dashed line cor-
responds to the temperature equal to zero, the solid line is foT
51.6 K. In the calculationsne5const(B) was assumed. The
dashed-dotted line shows the Fermi energy calculated under
assumption ofEF5const(B). This assumption is realized in the ca
of the Fermi level pinned to the donors in the barriers. The do
lines show the Landau-levels fan.
11531
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to 2 T and only in higher fields it begins to be polarized@for
a qualitative behavior see limiting cases of Eq.~8!#. The
fitting curves for the Fermi-Dirac statistics@Eqs.~3!–~7!# of
the experimentally measured polarization of the trions
shown in Fig. 4 by the solid lines. In these calculations
use the electron effective massme50.105m0 .17 The electron
concentration in the QW,ne5const(B) was, as mentioned
above, the only fitting parameter. The best fit of the expe
mental data gives the following values of 2DEG density
three modulation-doped QWs shown in Fig. 4:ne53
31010 cm22, 631010 cm22, and 831010 cm22. The accu-
racy of the method is estimated to be better than
31010 cm22. This can be seen from Fig. 4~b! where calcu-
lations of P2DEG(B) for ne5531010 and 731010 cm22

~dashed-dotted lines! are compared with the best fit curve fo
ne5631010 cm22 ~solid line!.

The same procedure has been performed for the do
ZnSe QWs shown in Fig. 5. We use an electron effect
mass of ZnSeme50.15m0 ~Ref. 27! in these calculations
The solid lines show the results of the best fit subject to
condition ne5const(B). The electron density of 3
31010 cm22, 631010 cm22, and 1.231011 cm22 are found
for this set of samples. However, for the sample with high
ne the fitted curve deviates significantly from the experime
tal data points@see the solid line in Fig. 5~c!# in the field
range from 4 to 7 T, where 1,v,2. We suggest this dis
crepancy be due to changes of the carrier concentration in
QW with an increasing magnetic field, i.e., thatne
Þconst(B) in ZnSe QWs. In fact, in the case of the ZnS
based QWs the band offset in the conduction band is
very large (DEC'100 meV). Thus, for heavily doped struc
tures the Fermi level can be pinned by the donors in
barrier, i.e.,EF5const(B), that in turn will cause the oscilla
tory variation of the electron density in the QW with increa
ing magnetic field.

The shift of the Fermi level induced by the magnetic fie
is shown in Fig. 6. At zero temperature, assuming that
electron density does not depend on the magnetic field,
Fermi level follows the highest occupied Landau level a
jumps to the lower Landau level at integer filling factorsn
5neh/eB ~see the dashed line!. At a nonzero temperature
~the solid line! the jumps of Fermi level become smooth. Th
position of the Fermi level at the vanishing magnetic field
shown by the dashed-dotted line in Fig. 6.

The general solution for the 2DEG spin polarization
the magnetic field accounting for partial redistribution
electrons between barrier donors and the quantum we
rather complicated. Here we will analyze two limiting cas
and will show that the choice of the modeling conditio
gives minor corrections for evaluation of the carrier dens
Let us consider two limiting cases:~i! the absence of the
pining @ne5const(B)# and ~ii ! the strong pining of Fermi
level, EF5const(B). The first case is illustrated by the soli
line in Fig. 5~c!. In the second limit the polarization degre
of 2DEG was obtained by means of Eqs.~3!–~5!, with EF
related tone by Eq.~6! which is independent of the magnet
field. This fit, shown by the dashed-dotted line in Fig. 5~c!,
does describe the data points for the trion polarization
gree. However, the determined valuene51.231011 cm22 is
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G. V. ASTAKHOV et al. PHYSICAL REVIEW B 65 115310
with high accuracy the same for both these cases. Thus
evident from Fig. 5~c!, the polarization method is rather no
sensitive to the choice of the conditions. It is seen also in
figure that two fitted dependencies calculated assuming
ther ne5const(B) or EF5const(B) cross atPc

T (B54.75 T)
'20.5. Therefore, as long as we are interested in the de
mination of ne , the approach based on the conditionne
5const(B) gives very reliable results. However, an add
tional care has to be taken when a detailedP2DEG(B) depen-
dence for filling factors 1,v,2 is required.

We should note here that, obviously, the polarizat
method could not be applied for the structures withge'0,
i.e., in conditions where the 2DEG polarization due to t
thermal occupation of the Zeeman sublevels is vanishin
small. Our model calculations show that with the accuracy
Pc determination better than60.1 the requirement for the
method to be valid isugemBBu.0.2kBT, for the range of
magnetic fields corresponding ton,2.

To summarize, the analysis of the circular polarization
the trion reflectivity line offers a reliable method to dete
mine the 2DEG concentration. The low-concentration lim
of the method atT51.6 K is about 131010 cm22. For lower
concentrations 2DEG is nondegenerate, its polarization
lows the Brillouin function and is insensitive tone . The
high-concentration limitation of the method is about
31011 cm22, i.e., when the distinct trion line vanishes fro
the reflectivity spectra.

VI. DETERMINATION OF 2DEG CONCENTRATION
FROM TRION OSCILLATOR STRENGTH

It has been shown recently that in the region of low el
tron concentrations the oscillator strength of the trion re
nance increases linearly with the electron density. In Zn
based QWs the linear dependence is valid forne<5
31010 cm22.11 Once calibrated for the certain structures, t
dependence of the trion oscillator strength onne can be used
for determination of electron density. We will show in th
section that a sensitivity of this method allows us to det
mine the parameters characterizing very dilute electron
with ne'53109 cm22.

At ne<531010 cm22 both the trion and the exciton reso
nances are very pronounced in the reflectivity spectra
II-VI QWs ~see Fig. 2 and Ref. 11!. In this case it is very
convenient to deal with the trion oscillator strength norm
ized to that of the excitonG0

T/G0
X . Moreover, for ne<3

31010 cm22, when a contribution of the electron-excito
scattering is negligibly small and the exciton and the tr
resonances have about the same linewidth due to the i
mogeneous broadening, one does not have to extract th
solute values ofG0

T and G0
X from the reflectivity spectra. In

such a case the value ofG0
T/G0

X can be evaluated with a goo
accuracy from the ratio of the amplitudes of the trion a
exciton resonances. In this method a slopeC of a linear
dependence,

G0
T

G0
X 5Cne , ~9!
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has to be measured.
The experimental dependenciesG0

T/G0
X on ne for CdTe-

and ZnSe-based QWs are plotted in Fig. 7. For the d
points shown by closed circles we determinedne via the
polarization of the trions, the method described in Sec.
For both types of QWs a deviation from the linear d
pendence, shown by the solid lines, occurs forne.5
31010 cm22. The coefficient C in 80 Å wide
CdTe/Cd0.7Mg0.3Te QW is C59310212 cm2 and in 80 Å
wide ZnSe/Zn0.89Mg0.11S0.18Se0.82 QW we obtainedC57
310212 cm2.35 The value ofC depends on the trion area11

and, therefore, it is expected to decrease in QWs with lar
binding energies of the trions having more compact sta
The relative accuracy of this method, which is directly link
with the accuracy of determination the coefficientC shown
by arrows bar in Fig. 7, is better than 20% ofne .

The sensitivity of the method discussed in this sect
depends on the accurate determination ofG0

T/G0
X . In the re-

flectivity spectra of II-VI QWs measured at a normal inc
dence the trion resonance became very weak forne decreas-
ing to 131010 cm22. Further increase of the sensitivity ca
be achieved by detecting the reflectivity spectra at an obli
light incidence at angles close to the Brewster angle36,34 or
by means of the modulation spectroscopy.37 In the inset to
Fig. 7~b! we show a reflectivity spectrum taken from th
nominally undoped ZnSe-based structure at an oblique i
dence of light, atw571° close to the Brewster angle (wBr

FIG. 7. Dependence of the ratio of the trion oscillator stren
and that of the exciton on electron density atT51.6 K. ~a! 80 Å
wide CdTe/Cd0.7Mg0.3Te QWs. ~b! 80 Å wide
ZnSe/Zn0.89Mg0.11S0.18Se0.82 QWs. The inset shows the reflectivit
spectrum measured atT54.2 K at the oblique incidencew571°
from a nominally undoped sample. The evaluated electron den
is ne553109 cm22. The open circle shows this value in the ma
panel.
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569°). From this spectrum we have deduced the ra
G0

T/G0
X'0.03, and then with use of Eq.~9! we determined

the electron concentration in the QW asne'43109 cm22.
The open circle in Fig. 7~b! marks this data point. We est
mate that this method has a potential to evaluate elec
densities is as small as 109 cm22.

VII. DISCUSSION

Figure 8 summarizes the determined electron densitie
the studied structures by displaying them as functions of
donor concentration in thed layer. One should keep in min
that there is a relatively large uncertainty of the donor c
centration values that are based on a technological cali
tion of growth regimes. With this reservation we can co
clude that in CdTe-based QWs all electrons from the don
are moved over to the QW. In contrast, in ZnSe-based Q
only a small portion of the donors~5–10 %! transfer their
electrons to the QW.

We have mentioned already by presenting the result
Fig. 5~c! that the polarization method is rather insensitive
the choice of the conditions. The two fitted curves calcula
under the conditionne5const(B) or EF5const(B) cross each
other atPc

T (B54.75 T)'20.5. With this result in mind we
may conclude that the value of a magnetic fieldB1/2 at which
uPc

T(B1/2)u50.5 can be used for evaluation of the electr
density for both types of conditions. The dependen
ne(B1/2) calculated forT50 and 1.6 K is shown in Fig. 9 by
thin and thick dashed lines, respectively. One can see in
9 that the sensitivity of the polarization method increa
with decreasing temperature.

Figure 9 in fact summarizes the main results of the opt
methods suggested in the present paper. The applicab
ranges of the methods are shown. The analysis of the t
polarization atT51.6 K is reliable in the concentration rang
from 331010 cm22 to 231011 cm22, which corresponds to
the thick dashed line. We believe that the sensitivity in
low-electron-density range may be improved by taking d
at a lowest possible temperature. Thin dashed line traces
limiting case ofT50 K.

FIG. 8. The electron density in the QWs as a function of
donor concentration in d layers determined for ~a!
CdTe/Cd0.7Mg0.3Te QWs and for~b! ZnSe/Zn0.89Mg0.11S0.18Se0.82

QWs atT51.6 K.
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Solid lines in Fig. 9 display the part of the dependen
G0

T/G0
X5Cne where it can be interpolated by the linear rel

tionship. One can see that both for CdTe-and ZnSe-ba
QWs linear relation becomes invalid for the electron dens
exceeding 5.531010 cm22. The lower limit for the method
based on the analysis of the trion oscillator strength depe
on the sensitivity of the optical techniques used for eval
tion of the oscillator strength. In II-VI QWs the reflectivit
measurements at oblique incidence of the light allow to
tect 23109 cm22 electrons.

Gray-colored areas in Fig. 9 represent the accuracy of
used methods. For the polarization method the accurac
131010 cm22. For the method based on the oscillat
strength the relative accuracy is better than 20% of
electron-concentration value.

In this paper we have limited ourselves to the optic
methods that are suitable for relatively low electron den

FIG. 9. Calibration ofne determination using various optica
methods described in the present paper. Electron density is re
to G0

T/G0
X by linear dependencies~solid lines! and to the mag-

netic field value B1/2 ~thick and thin dashed lines forT51.6
and 0 K, respectively!: ~a! CdTe/Cd0.7Mg0.3Te QWs; ~b!
ZnSe/Zn0.89Mg0.11S0.18Se0.82 QWs. Gray colored areas represent a
curacy of the electron-density determination.
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ties. For electron densities exceeding 231011 cm22 optical
spectroscopy provides several other possibilities. Amo
them are~i! analysis of the Moss-Burstein shift between t
emission and absorption lines,20 and~ii ! sharp changes of th
photoluminescence intensity and of the energy position
the excitonic lines at integer filling factors.18,19

In conclusion, reflectivity spectra taken from modulatio
doped CdTe/~Cd,Mg!Te and ZnSe/~Zn,Mg! ~S,Se! QW struc-
tures in magnetic fields have been analyzed. An opt
method of measuring 2DEG density is proposed. The met
is based on the analysis of the circular polarization degre
the trion resonance and on the linear dependence of the
oscillator strength on the electron density. The method co
to

et
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W
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.
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11531
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be used in the range of concentrations from 109 cm22 up to
1011 cm22. We have demonstrated the efficiency of th
method using quantum well structures based on CdTe as
as ZnSe with different barrier heights.
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