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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 betwdemd®x 10'* cm 2. The method is
based on an analysis of magnetoreflectivity spectra of charged ex¢itamss). 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 @ddlgTe and ZnSe/
(Zn,Mg)(S,Se heterostructures.
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[. INTRODUCTION successfully applied for Ill-V heterostructures only. Unfortu-
nately, application of usual magnetotransport methods or the
Optical properties of low-dimensional semiconductor het-cyclotron resonance technique, which were successfully used
erostructures with quantum welilWs) have been studied in the case of IlI-V heterostructures with highly mobile
in a great detail for two limiting casesi) undoped QWs carriers'® are very limited in wide-gap II-VI heterostructures
(containing no free carriersvhere optical spectra near the because the latter exhibit relatively low mobility of electrons
band gap are dominated by excitfisat is correlated states and holes. These methods can only be used in the case of
of photogenerated electron-hole pairand (i) QWs with  modulation-doped QWs with high concentration of carriers
high density of quasi-two-dimensional electron or hole gasxceeding X 10 cm~2.*1" To investigate the regime of
(2DEG or 2DHG, respectivelydue to modulation doping in low and moderate carrier densities, a reliable all-optical
barriers. In the presence of a high density of carriers, thenethod of determination of the parameters of the free carrier
excitons are screened, but the electron-hole correlationsystems is required.
caused by the Coulomb interaction show up in optical spec- It has been shown for II-VI heterostructures with high
tra as the, so-called, Fermi-edge singulatfgS.! concentration of free carriers, when the excitonic effects are
Recently, the regimes of low and moderate densities ofcreened out, than the all-optical methods can be used to
the free carriers in QWs became a subject of intensive invessharacterize the two-dimensional carrier gas. Sharp changes
tigation. It is characterized by the coexistence of exciton®f the intensity and energy position of photoluminescence
and excitonic complexes with free carriers. With an increaslines at integer filling factor$*®and the Moss-Burstein shift
ing density of the free carriers, excitonic optical spectra ardetween the emission and absorption [flese among them.
modified and gradually transform into the FES regfi®An In CdTe-based QWs the analysis of Moss-Burstein shift al-
electron-exciton interaction induces a number of interestingows to measure the carrier concentrations only above 1.2
effects characteristic for these low and moderate carrier denx 10'* cm™2. In diluted magnetic semiconductor QWs of
sities. Examples of those include formation of charged exci{Cd,Mn)Te, due to a spin-polarization induced by the 2DHG
ton states(trions),® combined exciton-cyclotron and trion- via the giant Zeeman splitting, the sensitivity of the method
cyclotron resonances in magneto-optical spetirshake-up can be extended down to hole concentrations of 6
processes in the emission spectrand spin-dependent X 10 cm 2.2% At high 2DEG (2DHG) densities, exceeding
exciton-electron scattering contributions to a homogeneou$0* cm™?, the carrier concentration in QWs can be also
linewidth of the excitond®!! These studies were possible estimated from width of photoluminescence band, which is
because of a high quality of 1I-VI QW structures, based oncontributed by Fermi energy of carriers>2
CdTe and ZnSe. The stronger Coulomb interaction in 1I-VI  Another approach to the problem of assessing the proper-
semiconductors, compared to that in 11I-V materials such asies of 2D carriers can make use of the charged excitons
GaAs, makes IlI-VI heterostructures a very suitable modeltrions). Consisting of three carriefgwo electrons and one
system for the optical studies of various phenomena inducelole in the case of the negatively charged exciton, and two
by the exciton-electron interaction. holes and one electron in the case of the positively charged
For such studies, a detailed information concerning theexciton), the trions formed by photon absorption have to in-
system of the free carriers, such as their concentration ancbrporate a free carrier. As a result the oscillator strength of
degree of spin polarization by an external magnetic field, isa trion optical transitions is directly linked to the 2D carrier
of importance. One possible way to determine carrier condensity. At low densities these two quantities are directly
centration of low and moderate densities is to use the methogroportional to each othét:?° In turn, the degree of spin
based on dimensional magnetoplasma resontndehis  polarization of the 2D carriers in external magnetic fields is
method requires high mobility of the carriers and has beemlso reflected by the polarization of the trigis?
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bending shown schematically in Fig. 1. The estimated value
of the electric field does not exce@d=./L~10° V/cm. In

E
© AE CdTe-based structures, due to the large value of band discon-
¢ tinuity AE: in comparison with the band bending, most of
Jo— the electrons from the dona¥layer is trapped in the QW

r —— el S-layer and the 2DEG density is nearly equal to the two-dimensional
concentration of donors.
In ZnSe/ZRp sMdo 1150 16856 5> Structures an 80-A-wide
ZnSe SQW is located between 1000 A and 500 A wide
hhl ZNg sdM 0o 11501656 g2 barriers. The structures contain 30-A-
AE, wide & layers at a distance &f=100 A from the QW doped
with chlorine, whose donor binding energy in ZnSe is 26
v meV?’ A set of structures with different doping levels vary-
\ ing in the carrier concentration from>610t" cm 3 to 8
X 10* cm™2 was fabricated. Since the band-gap discontinu-
ity in the conduction band IAE-(~AEy)=100 meV, it
Growth direction could be compensated by the electric field due to the ionized
donors in theS layer. As a result the Fermi level is pinned by
%he donors and only a small part of donor electr(s10 %
is transferred to the QW.

In this paper we present an optical method to determine Reflectivity spectra of the samples were measured at 1.6
the carrier concentration in QW's at low and moderate carK in external magnetic fields up to 7.5 T applied in the Far-
fier densities (from 10° cm 2 to 2x10%cm 2). The aday geometry. Ac_hromatlc qua_rter-w_avelength _plates_ were
method is based on the analysis of the polarization of trion&!S€d to analyze circularly polarized light. The light signal
in magnetic fields and on the oscillator strength of trion resoWas detected by a charge-coupled device after being dis-
nances in reflectivity spectra. The method is demonstrateR€rsed in a 1-m monochromator. A halogen lamp was used as

for CdTe(Cd,MgTe and ZnSéZn,Mg)(S,S¢ quantum & light source. Most of the reflectivity measurements were
wells with 2DEG. ’ ’ performed at normal incidence and only some spectra were

taken under Brewster angle incidence in order to analyze
transitions with very weak oscillator strength.
The carrier concentration in the modulation-doped QWs
We have investigated modulation-doped is known to depend strongly on an additional, above-the-
CdTe/Cg Mgy sTe and ZnSe/ZgedMgo 115 1656 8> Single  barrier illumination?® For low illumination intensity, the
quantum well structure$§SQW) grown by molecular-beam electron concentration in a QW increases with increasing in-
epitaxy on(100)-oriented GaAs substrates. The electron dentensity and, then, saturates at a high illumination power. The
sity in the QW's was varied fromn,~5x10° to 2  detailed analysis of this effect for the structures studied is not
%10 ¢cm~2. A band scheme for the studied CdTe- anda subject of this paper and will be discussed elsewffere.
ZnSe-based structures is presented in Fig. 1. Note that in our experiments we used the conditions of high-
CdTe/C¢ Mg, sTe structures consist of an 80 A wide intensity illumination controlled by a halogen lamp in order
CdTe SQW separated from the surface by a 750 A widdo achieve the maximum electron concentration in QWs.
Cdy ;Mgp sTe barrier. The band offsets in the conduction
band and in the valence band a&&-~370 meV andAE,,
~155 meV, respectively. The structures contaftdoped
layers with iodine impurities having concentration up to 2  Figure 2 shows the modification of reflectivity spectra in
x 10" cm™2 positioned at a distance &f=100 A from the CdTe and ZnSe structures with increasing electron density.
SQW (see Fig. 1L A nominally undoped sample and three In the nominally undoped CdTe QW only the exciton reso-
doped samples with various width of tiddayer, namely, 10, nance(X) at 1.634 eV is observable in the reflectivity spec-
20, and 50 A wide, were studied. The samples with differentrum displayed in Fig. @). The presence of electrons in the
electron densities were fabricated on the same substrate UBW with n,=5x10° cm™2 coming from the residual donors
ing the wedge growth mode. It allows to vary the dopedin the barrier layers has been detected by reflectivity mea-
S&layer and to keep all the other relevant QW parametersurements under the Brewster angle, the method described in
(such as the QW width, the barrier height, background im+the present paper in Sec. VI. A new resonance of a negatively
purity concentration, etcconstant at the same tintlor de-  charged trionT appears at 1.630 eV in the spectra of doped
tails, see Ref. 26 structures. The amplitude of the trion line increases with the
The electron binding energy to an iodine shallow donor inelectron density growing and it dominates in the reflectivity
CdTe is about 14 me¥f At low temperatures the electrons spectrum forn,=8x 10 cm™2. A broadening and a de-
from the donors are moved over to the QW. As a result therease of the amplitude of the excitonic resonance accom-
é-layer is positively charged while the QW is negatively pany this evolution. The observed modifications are typical
charged. This induces an electric field and causes the barahd have been reported for Cdi@d,ZnTe QWSs with

FIG. 1. Band edge profiles in a heterostructure containing

single quantum well with a 2DEG and&layer of donors.

Il. SAMPLES AND EXPERIMENT

Ill. MAGNETOREFLECTIVITY SPECTRA OF TRIONS
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FIG. 3. Reflectivity spectra measured in a magnetic field of 7.5
T in o™ and o~ circular polarization from:(a) 80 A wide
®) ' T=16K CdTe/Cq MgosTe SQW with ng=8x10"°cm 2 and (b) 80 A

0 - s BT wide ZnSe/Zg gdMdo 115 1858 8, SQW with ng=6x 10" cm™2.
2.810 2.815 2.820 2.825

Energy (eV) CdTe-based structures with a negative electgofactor?®

FIG. 2. Reflectivity spectra of modulation doped SQW’s with gnd fora™ p0|arizati3%n3iln ZnSe-based structurgs With a posi-
different electron densitya) 80 A wide CdTe/Cg- Mg sTe SQWs. tlve.electrong Ta_CtO'," " Some degree of polquzatlon of the
(b) 80 A wide ZnSe/ZpsdMgo 11550 16565, SQWS. The electron  €Xciton reflectivity line can also be observed in these spectra.
concentrations given in the figure were determined by an opticalt IS @lso caused by spin polarization of 2DEG, the details of
method introduced in the present paper. the Under|ylng meChanlsm deSCI’Ibed n RefS 10, 11 aﬂd 32

The suggested method of determination of the 2DEG den-

2DEG (Ref. 3 and (CAMn)Te(Cd,Mg.ZnTe QWSs with sity exploits the fact that the polarization degree of the trion
2DHG?° Th.e evolution of the refle,ctivi,ty spectra of ZnSe- resonancePI(B), measured by means of the reflectivity, or

based structures shown in Fighis very simi_lar to tha_t_in | abso_rptlt_)n or transmlssmrletgghnlq:ue?, accurately renders the
CdTe-based QWs. We note here that a detailed identificatiofClarization of the 2DE@*"=%(B) =P¢(B). The degree of

of the trion resonances in the reflectivigbsorption spectra the C|rc_ular polarization of _the trion reflectivity line can be
of modulation-doped QWs have been published in Refs. életermmed frpm the gxpenmentally measured quantities us-
and 23. ing the following relation:

One of the distinct features of the trions is a strong circu-
lar polarization of their reflectivityabsorption lines in the
presence of a magnetic figldin Fig. 3@ we present the
reflectivity spectra of a CdTe-based sample with~8
X 10'° cm™? in a magnetic fieldB=7.5T for two circular
polarizationss™ ando . Figure 3b) shows the spectra of a T4 T _ ]
ZnSe-based structure with,~6x 10 cm~2 in a magnetic HereI'y" andl are the oscnla_tor strength_s of_ the trion
field of 7.5 T. The strong polarization of the trion resonance'€sonance detected in" and o~ circular polarizations, re-
observed for both samples is attributed to the fact that thepectively. Oscillator strength of the excitbi§ and the trion
trion ground state is a singlet. In a singlet-state spins of twd’§ (i.e., the radiative dampingvere extracted from the re-
electrons forming the trion are antiparallel. In high enoughflectivity spectra by the method described in Refs. 33 and 34
magnetic fields, when the 2DEG is completely spin polar-(see also Ref. )1 The experimental dependencl%(B) are
ized, the trions can be created by a photon with one specifiplotted by circles in Figs. 4 and 5 for CdTe and ZnSe QWs
polarization only, namely, in the polarization that photocre-with various electron concentrations. We will discuss in Sec.
ates an electron with the spin directed oppositely to the spinB/ how the information on the 2DEG density can be ex-
of the background electrons. It occurs et polarization in  tracted from these experimental data.

Fy"—Tg

PUB)= 1.
c g +T}

@
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/-LBgeB>. ©

2KgT

Here ug is the Bohr magnetorkg is the Boltzmann con-
stant, andy, is theg factor of free electrons in the conduc-
tion band. AtT=1.6 K (kgT=0.14 meV) the criteriorEg
<kgT is met only for very dilute 2DEG withng
<10%cm 2.

The Fermi-Dirac statistics should be used to describe the
spin polarization of the 2DEG when,>10%cm 2 at T
=1.6 K. The following procedure is used to calculate the
spin-polarization properties of a 2DEG, in such case,

PZDEG(B,T)=tanr( -

c

Degree of polarization, P

N*—N~

2DEG, — B,
P (B,T,ne) NTIN- (3
00— 3% 3 4 5 6 7 s HereN™ (N7) is the total number of electrons in all occu-
Magnetic field (T) pied Landau levels with a given spin orientation,

FIG. 4. Magnetic-field-induced polarization of the trions in . ” N
modulation-doped CdTe/GgMg,sTe QWSs. Experimental data N_(EF):Z) N (Ep), (4)
(circles are compared with model calculations for the =

nondegeneratedashed lines and degeneratesolid and dashed- whereN;" (N;”) denotes the number of spin-polarized elec-
dotted line$ 2DEG. Electron densities determined from the best fittrons on the-th Landau level, “” and “ —” label +1/2 and

(solid lineg are given in the figure panels. Dashed-dotted lines in_1/2 zeeman sublevels respectively. Further we have
panel (b) correspond to calculation witm,=5x10' and 7 ’

x 10 cm~2. They are given to show the accuracy of the method. 1

— : ®)
1t+e (i+2)fiwc* 39eugB—Ef
X KeT

. eB
N (Bp)= -
IV. SPIN POLARIZATION OF 2DEG

At low carrier densities and/or high temperatures, when .
the Fermi energy is smaller than the thermal enefgy With €B/h being the degeneracy of the Landau leveh.

<kgT, the spin polarization of the nondegenerate 2DEG is="€B/Me is the cyclotron energy, and. is the conduction
described by Boltzmann statistics electron effective mas€g is the Fermi energy, which de-

pends on the electron concentration and the electron density
of states. The latter quantity changes in an external magnetic
field, makingEg(B). In the absence of the field we have

-1.0}n=1.2x10"em”

2
n =const wh
—rem E =const E F= Ne. (6)

c

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

N*(Eg)+N~(Eg)=ng=constB). )

To calculateP?PES(B) one should first determine ttig-(B)
dependence for a fixed value of by inserting Eqs(4) and
(5) into Eqg. (7). An example of theE(B) dependence for
ZnSe QWs withn,=1.2x 10" cm™2 is plotted in Fig. 6 for
T=0 and 1.6 K. Then, substituting this dependence in Eq.
oo ZnSe QW (5), the spin-polarization degree of 2DE®?PES(B,T,n,)
c 1+ 2 3 4 S5 6 7 8 can be calculated using EB). We stress here that the only
Magnetic field (T) adjustable parameter in this approach is the value of the elec-
FIG. 5. Magnetic-field-induced polarization of the trions in tron densityne. ThgreTfore, by fitting Eq(3) to the experi-
modulation-doped ZnSe/ZRMdo 115016585, QWS. Experimental  Mental dependencig?; (B) one can deduce the value of the
data(circles are compared with model calculations for the nonde-€lectron density.
generatddashed linesand degeneratgolid lineg 2DEG. Electron It can be shown that, in fact, quite substantial changes of
densities determined from the best fit are given in the figure panelghe electron spin polarization occur for filling factors<2,
The dashed-dotted line in the par(e) shows the best fit for the Wwhen the lowest Landau level becomes partially occupied. In
degenerate 2DEG &= const@). this caseh w.>Eg, kgT and Eq.(3) can be simplified to

.0l 3x10°m’

Degree of polarization, P

-0.5
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3 to 2 T and only in higher fields it begins to be polariZéar
ZnSe QW a qualitative behavior see limiting cases of E)]. The
fitting curves for the Fermi-Dirac statisti¢ggs. (3)—(7)] of
the experimentally measured polarization of the trions are
shown in Fig. 4 by the solid lines. In these calculations we
use the electron effective masg=0.105m,." The electron
concentration in the QWh,=constg) was, as mentioned
above, the only fitting parameter. The best fit of the experi-
mental data gives the following values of 2DEG density for
three modulation-doped QWs shown in Fig. #A.=3
x 10 cm~2, 6x10° cm 2, and 8<10'° cm 2. The accu-
T racy of the method is estimated to be better than 1
o nFL20nem X 101 cm~2. This can be seen from Fig(l® where calcu-
2 3 4 5 6 7 8 lations of P?PEE(B) for n,=5x10° and 7x 10 cm 2
Magnetic field (T) (dashed-dotted lingsre compared with the best fit curve for
Ne=6x10' cm~2 (solid line).
FIG. 6. Fermi energy dependerlce or21 the magnetic field calcu- The same procedure has been performed for the doped
e e emmre sovl e e oo o 7 Z15¢ QWS shown i Fig 5 We use an eleiron efecie
P P q ' mass of ZnSem.=0.15m, (Ref 27 in these calculations.

=1.6 K. In the calculationsn,=constB) was assumed. The
dashed-dotted line shows the Fermi energy calculated under t-ghe solid lines show the results of the best fit subject to the
condltlon n.=constB). The electron denS|ty of 3

assumption oEg=constB). This assumption is realized in the case
P F ® P 10"° cm2, 6x10° cm™?, and 1.2 10" cm™?2 are found

of the Fermi level pinned to the donors in the barriers. The dotted . . :
lines show the Landau-levels fan. for this set of samples. However, for the sample with highest

n, the fitted curve deviates significantly from the experimen-
tal data pointgsee the solid line in Fig. (8)] in the field
range from 4 to 7 T, where <v<2. We suggest this dis-
JeisB OB crepancy be due to changes of the carrier concentration in the
l{ 2kgT ) F{ 2kgT ) QW with an increasing magnetic field, i.e., that,
= . #constB) in ZnSe QWs. In fact, in the case of the ZnSe-
2exp{ ZEF_ﬁ‘%) F{ ge“BB)+ XF{ ge'“BB) based QWs the band offset in the conduction band is not
2kgT 2kgT 2kgT very large \Ec~100 meV). Thus, for heavily doped struc-
(8) tures the Fermi level can be pinned by the donors in the
barrier, i.e. Eg=const@), that in turn will cause the oscilla-
It is easy to see that E@8) for Er<f w, it reduces to Eq. tory variation of the electron density in the QW with increas-
(2), i.e., to the case of the Boltzmann statistics. In the oppoing magnetic field.
site limit of Er>% w. the lowest Landau level is fully occu- The shift of the Fermi level induced by the magnetic field
pied andP?PEC=0. is shown in Fig. 6. At zero temperature, assuming that the
electron density does not depend on the magnetic field, the

V. DETERMINATION OF THE 2DEG CONCENTRATION _Fermi level follows the highest occu_pied Lan(_ﬂau level and
FROM THE POLARIZATION DEPENDENCE OF jumps to the lower Landau level at integer filling factars
THE TRION REELECTIVITY =n.h/eB (see the dashed lihneAt a nonzero temperature
(the solid ling the jumps of Fermi level become smooth. The
Let us recall that our method of determination of the elecposition of the Fermi level at the vanishing magnetic field is
tron concentration uses the fact that the polarization of thghown by the dashed-dotted line in Fig. 6.
trion line follows the polarization of 2DEG, i.e., that  The general solution for the 2DEG spin polarization by
P(B)=P2PEEB). These dependencies for the nondegenerthe magnetic field accounting for partial redistribution of
ate electron gas calculated with the use of @jyare plotted electrons between barrier donors and the quantum well is
in Figs. 4 and 5 by the dashed lines. In the calculation we useather complicated. Here we will analyze two limiting cases
T=1.6 K and electrorg-factor valuegy.= —1.46 for CdTe- and will show that the choice of the modeling conditions
based QWs(Ref. 29 and g.=+1.14 for ZnSe-based gives minor corrections for evaluation of the carrier density.
structures®3! The trion polarization for the slightly doped Let us consider two limiting casesi) the absence of the
samples 0,<3%x10° cm™?) coincides very well with the pining [n.=constB)] and (ii) the strong pining of Fermi
dashed linegnot shown in the figurgs level, E-=constB). The first case is illustrated by the solid
First we discuss the data for CdTe QWSs. At a low electronline in Fig. 5c). In the second limit the polarization degree
concentratior| Fig. 4(a)] there is only a small deviation of of 2DEG was obtained by means of Eq3)—(5), with E
the experimental data from the Brillouin function. This de- related ton, by Eq.(6) which is independent of the magnetic
viation increases for growing electron dendifig. 4b) and  field. This fit, shown by the dashed-dotted line in Figc)5
(c)]. At the highest electron concentratiofisig. 4(c)] the  does describe the data points for the trion polarization de-
trion line is completely unpolarized in low magnetic fields up gree. However, the determined valng=1.2x 10t cm? is

Fermi energy (meV)

PZDEG(B,T,ne)
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with high accuracy the same for both these cases. Thus, as o6l

evident from Fig. &), the polarization method is rather not (@) ° f
sensitive to the choice of the conditions. It is seen also in this

figure that two fitted dependencies calculated assuming ei-
ther n,=const@) or Er=constB) cross atPI (B=4.75T)

~ —0.5. Therefore, as long as we are interested in the deter- ?O
mination of ny, the approach based on the conditiog = ozt
=constpB) gives very reliable results. However, an addi-
tional care has to be taken when a detal#c%(B) depen- CdTe QW
dence for filling factors ¥v <2 is required. 0.0; 2 4 6 8 10 12

We should note here that, obviously, the polarization
method could not be applied for the structures with=0, 081 (b) FTA
i.e., in conditions where the 2DEG polarization due to the b
thermal occupation of the Zeeman sublevels is vanishingly 7x10"%cm’ _
small. Our model calculations show that with the accuracy of 0.4 Ny 7T ~ 0.03
P. determination better thart0.1 the requirement for the
method to be valid idg.ugB|>0.2gT, for the range of
magnetic fields corresponding o< 2.

To summarize, the analysis of the circular polarization of
the trion reflectivity line offers a reliable method to deter- 0.0
mine the 2DEG concentration. The low-concentration limit 0 2 4 6 8 10 12
of the method aT = 1.6 K is about X 10*° cm™2. For lower Electron concentration (10" cm™)
concentrations 2DEG is nondegenerate, its polarization fol-

lf?'wf? the Brltllogln flIJ_nC_'iloth andf I‘C{hmsenstﬁlvg t."e' ghet 2 and that of the exciton on electron densityTat 1.6 K. (a) 80 A
Ign-concentration limitation 0 e method IS abou wide CdTe/C6_7Mgo_3Te QWs. (b) 80 A wide

x 10t cm_z_, i.e., when the distinct trion line vanishes from ZNnSe/Zn s Mo 110 1556 5 QWS. The inset shows the reflectivity
the reflectivity spectra. spectrum measured d@t=4.2 K at the oblique incidence=71°
from a nominally undoped sample. The evaluated electron density
VI. DETERMINATION OF 2DEG CONCENTRATION isng=5X 10° cm™2. The open circle shows this value in the main
FROM TRION OSCILLATOR STRENGTH panel.

T X
r, /T,
Reflectivity

T=4.2K|

Znse QW 0 281 2.82 2.83

Enel:gy (eV) )

FIG. 7. Dependence of the ratio of the trion oscillator strength

It has been shown recently that in the region of low elec-
tron concentrations the oscillator strength of the trion resolas 0 be measured. .
nance increases linearly with the electron density. In ZnSe- 1he experimental dependenCIEglro on n, for CdTe-
based QWs the linear dependence is valid fo<5 and ZnSe-based QWs are plotted in Fig. 7. For the data
X 10'° cm~2.1 Once calibrated for the certain structures, thePoints shown by closed circles we determined via the
dependence of the trion oscillator strengthmrcan be used polarization of the trions, the method described in Sec. V.
for determination of electron density. We will show in this For both types of QWs a deviation from the linear de-
section that a sensitivity of this method allows us to deterPendence, shown by the solid lines, occurs fy>5
mine the parameters characterizing very dilute electron gax10°cm 2. The coefficient C in 80 A wide
with ng~5x10° cm™2, CdTe/Cq Mgy sTe QW isC=9%x10 2 cn? and in 80 A

At n,<5x10'" cm 2 both the trion and the exciton reso- Wide ZnSe/ZpgdMgo 11518582 QW we obtainedC=7
nances are very pronounced in the reflectivity spectra of<10 2 cn?.* The value ofC depends on the trion aréa
I-VI QWs (see Fig. 2 and Ref. 11In this case it is very and, therefore, it is expected to decrease in QWs with larger
convenient to deal with the trion oscillator strength normal-binding energies of the trions having more compact states.
ized to that of the excitod'}/TX. Moreover, forn,<3  Therelative accuracy of this method, which is directly linked
% 10° cm™2, when a contribution of the electron-exciton With the accuracy of determination the coeffici€hshown
scattering is negligibly small and the exciton and the trionby arrows bar in Fig. 7, is better than 20% .
resonances have about the same linewidth due to the inho- The sensitivity of the method discussed in this section
mogeneous broadening, one does not have to extract the afpends on the accurate determinatio §fT'3 . In the re-
solute values of'] andT'} from the reflectivity spectra. In flectivity spectra of 1l-VI QWs measured at a normal inci-
such a case the value B/T'% can be evaluated with a good dence the trion resonance became very weakfatecreas-

N K A . O 72 - e .
accuracy from the ratio of the amplitudes of the trion andind to 1 10'° cm™2. Further increase of the sensitivity can
exciton resonances. In this method a sldpeof a linear be achieved by detecting the reflectivity spectra at an oblique

dependence, light incidence at angles (_:Iose to the Brewster q??@%or
by means of the modulation spectroscépyn the inset to
T Fig. 7(b) we show a reflectivity spectrum taken from the
_?( =Cne, (9)  nominally undoped ZnSe-based structure at an oblique inci-
I'y dence of light, atp=71° close to the Brewster angle,
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FIG. 8. The electron density in the QWs as a function of the m 0 Z . 1 . . (@)

donor concentration in 6 layers determined for (a) 0.0 0.2 0.4 0.6 0.8 1.0

CdTe/C¢ ;Mgo sTe QWs and for(b) ZnSe/Zp gdMdg 11501858 52 /X
QWSs atT=1.6 K. 00
B1/2 (T)
=69°). From this spectrum we have deduced the ratio _ 200 1 2 3 ‘} 5 6
I'/T3~0.03, and then with use of E¢9) we determined P ZnSe QW
the electron concentration in the QW ag~4x10° cm™2. S Ry
The open circle in Fig. (b) marks this data point. We esti- 2 sl T=0K .| 4
mate that this method has a potential to evaluate electron ~ \;/ /
densities is as small as 16m 2. g P
g 10} /'&
VII. DISCUSSION § 7 16K
. L 7 /
Figure 8 summarizes the determined electron densities in S s /
the studied structures by displaying them as functions of the §~ L l /
donor concentration in thé layer. One should keep in mind 3 (b)
that there is a relatively large uncertainty of the donor con- & s = 53 5E T 15

centration values that are based on a technological calibra- o x
tion of growth regimes. With this reservation we can con- r, /T,
clude that in CdTe-based QWs all electrons from the donors
are moved over to the QW. In contrast, in ZnSe-based Qws FIG. 9. Calibration ofn. determination using various optical
only a small portion of the donor&—10% transfer their methTodi described in the presgnt paper. Electron density is related
electrons to the QW. to rolro by linear depgndenueésqhd lines anq to the mag-

We have mentioned already by presenting the results df€tic field valueBy, (thick and thin dashed lines fof=1.6
Fig. 5(c) that the polarization method is rather insensitive toand 0 K, respectively (a) CdTe/CdMgosTe QWs; (b)
the choice of the conditions. The two fitted curves calculated "> ZQ-S#go-lllso-l‘?S%-Sz QWZ Gray colored areas represent ac-
under the conditiom.= const@) or E-=constB) cross each curacy of the electron-density determination.

other atP{ (B=4.75 T)~—0.5. With this result in mind we Solid lines in Fig. 9 display the part of the dependence
may conclude that the value of a magnetic fiBig, at which  I"{/T'3'=Cn, where it can be interpolated by the linear rela-
|P{(B1)|=0.5 can be used for evaluation of the electrontionship. One can see that both for CdTe-and ZnSe-based
density for both types of conditions. The dependenceQWs linear relation becomes invalid for the electron density
Ne(By) calculated folT=0 and 1.6 K is shown in Fig. 9 by exceeding 5.8 10'° cm 2. The lower limit for the method
thin and thick dashed lines, respectively. One can see in Fitbased on the analysis of the trion oscillator strength depends
9 that the sensitivity of the polarization method increasesn the sensitivity of the optical techniques used for evalua-
with decreasing temperature. tion of the oscillator strength. In [I-VI QWs the reflectivity
Figure 9 in fact summarizes the main results of the opticameasurements at oblique incidence of the light allow to de-
methods suggested in the present paper. The applicabilifgct 2x 10° cm™2 electrons.
ranges of the methods are shown. The analysis of the trion Gray-colored areas in Fig. 9 represent the accuracy of the
polarization aff = 1.6 K is reliable in the concentration range used methods. For the polarization method the accuracy is
from 3x10° cm™2 to 2x 10* cm™2, which corresponds to  1x10° cm~2. For the method based on the oscillator
the thick dashed line. We believe that the sensitivity in thestrength the relative accuracy is better than 20% of the
low-electron-density range may be improved by taking datalectron-concentration value.
at a lowest possible temperature. Thin dashed line traces the In this paper we have limited ourselves to the optical
limiting case ofT=0 K. methods that are suitable for relatively low electron densi-
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ties. For electron densities exceeding 20'* cm 2 optical ~ be used in the range of concentrations from & 2 up to
spectroscopy provides several other possibilities. Among0't cm 2. We have demonstrated the efficiency of this
them are(i) analysis of the Moss-Burstein shift between themethod using quantum well structures based on CdTe as well
emission and absorption liné¥and (i) sharp changes of the as ZnSe with different barrier heights.
photoluminescence intensity and of the energy position of
the excitonic lines at integer filling factot&!®

In conclusion, reflectivity spectra taken from modulation-
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