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Two ZnxCd1−xSe/Znx�Cdy�Mg1−x�−y�Se multiple quantum well structures were grown by molecular
beam epitaxy. The quantum well layer thickness of the multiple quantum well region was varied in
order to tune the intersubband transition energy. The high crystalline quality of the material was
demonstrated by high resolution x-ray diffraction. Contactless electroreflectance �CER�
spectroscopy and Fourier transform infrared �FTIR� spectroscopy were used to characterize the
intersubband transitions. Excellent agreement between the estimated value obtained by CER and the
value measured by FTIR was achieved. Intersubband absorption at 6.89 and 5.37 �m was observed
demonstrating the ability to tune the properties of these wide band gap II-VI materials for mid-IR

intersubband device applications. © 2007 American Vacuum Society. �DOI: 10.1116/1.2723761�
I. INTRODUCTION

Devices that are based on intersubband �ISB� transitions,
such as quantum cascade lasers and quantum well infrared
photodetectors, are of great interest due to their potential
advantages over devices based on interband transition in the
infrared range.1–3 Intersubband devices are usually made
from multiple quantum well �MQW� structures and need a
large band discontinuity to achieve operation at shorter
wavelength and higher temperatures. MQW structures made
of wide band gap II-VI materials ZnxCd1−xSe/
Znx�Cdy�Mg1−x�−y�Se are very promising candidates for
short-wave midinfrared ISB device applications due to their
large tunable band discontinuity.4–6

Modulation techniques, such as photoreflectance �PR� and
contactless electroreflectance �CER�, have been recognized
as useful methods for understanding the physical properties
of MQW and superlattice materials.7–10 Contactless elec-
troreflectance is a modulated technique11,12 that measures the
reflectivity changes produced by the presence of a periodic
modulating electric field. This technique enables one to ob-
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serve many band-to-band transitions besides the E1-H1 tran-
sition. Therefore the ISB transition energies can be esti-
mated. While PR and CER have previously been used to
characterize many complex structures, including device
structures such as heterojunction bipolar transistors �HBTs�
and high electron mobility transistors13 we only found one
earlier report using PR �Ref. 9� to characterize ISB struc-
tures. Our study shows that by using CER we can accurately
determine the ISB transition energy, and the result is con-
firmed by ISB absorption measured by Fourier transform in-
frared �FTIR� spectroscopy. The results also show the poten-
tial to tune the intersubband transition energy using these
materials.

II. EXPERIMENT

A. Sample growth by molecular beam epitaxy „MBE…

In this work, two MQW samples were grown by MBE on
semi-insulating InP �001� substrate using a dual-chamber
Riber 2300P MBE system. This system has one chamber
dedicated to III-V materials growth and another to the
growth of II-VI compounds. The oxide desorption of the
substrate was performed in the III-V growth chamber under
an As flux. After the growth of a lattice-matched InGaAs
buffer layer ��0.1 �m�, the sample was transferred from the

III-V chamber to the II-VI chamber and the InGaAs surface
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was exposed to a Zn flux for 20 s, followed by the growth of
a ZnCdSe buffer layer ��100 Å� grown at 170 °C. These
steps for adjusting the III-V and II-VI interface are known to
improve the material quality of the epitaxial layers.14–16 The
substrate temperature was then raised to 270 °C to grow the
II-VI MQW structure. The VI/II beam equivalent pressure
ratio was maintained between 3.5 and 4.0 during growth.
This procedure has been previously used to produce epilay-
ers with high crystalline quality and low defect density.
The layer structures of these two MQW samples are shown
in Fig. 1. Sample A has ten periods of
Zn0.5Cd0.5Se/Zn0.2Cd0.2Mg0.6Se QWs sandwiched between
two quaternary Zn0.2Cd0.2Mg0.6Se layers. Sample B has 60
periods of Zn0.5Cd0.5Se/Zn0.2Cd0.3Mg0.5Se QWs, in this case,
sandwiched between two ternary Zn0.5Cd0.5Se layers. The
slight differences in the quaternary compositions were not
intentional, but are due to the separation in time of the
growth of the two structures. The nominal thicknesses of the
wells are 50 and 40 Å in samples A and B, respectively,
while the barriers are nominally 140 Å in both samples. In
both samples, the QW layers are doped n-type using ZnCl2
as dopant source to measure the ISB absorption. A doping
level of 1–2�1018/cm3 for the QW layers and the growth
rates ��0.6 �m/h for the ternary and 1.5 �m/h for the qua-
ternary� were determined from calibration layers grown
separately. To prevent the oxidation of Mg in the last layer of
sample A, the structure was capped by a 90 Å thick CdSe
layer.

B. Characterization techniques

The sample quality was established by high resolution
x-ray diffraction �XRD� and photoluminescence �PL� mea-
surements. The interband transitions in the samples were de-
termined using CER.11 The E1-E2 intersubband transition
was estimated and confirmed by FTIR measurement at RT.

XRD measurements showed that for both samples the

ZnCdMgSe barrier and the ZnCdSe QW layers were nearly
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lattice matched to the InP substrate. Figure 2 is the high
resolution XRD curve of sample A. The thickness of one
period �one barrier and one QW� of 197 Å was calculated
from the satellite peaks and agrees well with the designed
value. Due to the slightly different composition, the band
gaps of the quaternaries in samples A and B are 3.1 and
3.0 eV, respectively, obtained by the 77 K PL measurements.
The PL measurements were performed using the 325 nm line
of a He–Cd laser as an excitation source. Intense and narrow
PL emission peaks from the QWs in sample A were observed
at 549 nm �2.26 eV, 77 K� and 569 nm �2.18 eV, RT, shown
by the dashed-dot line in Fig. 3�a��, with no trace of any deep
level emissions. Due to the strong absorption of the thick
ZnCdSe cap layer, the PL emission from the QWs in sample
B is weak and could only be measured at 77 K �2.275 eV,
shown in Fig. 3�b��.

The CER measurements were taken at room temperature
using the light from a 150 W xenon-arc lamp. The light in-
tensity at wavelength �, I0���, is focused onto the sample by
means of a lens. The reflected light is collected by a second

FIG. 1. Schematic layer structures of
samples A and B. For both samples,
the III-V buffer layer is InGaAs.
Sample A is capped by CdSe to pre-
vent the oxidation of the ZnCdMgSe
layer.
FIG. 2. High resolution x-ray diffraction curve of sample A.
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lens and is focused onto a Si photodetector. The sample was
placed in a condenserlike system consisting of a front wire
grid electrode with a second metal electrode separated from
the first electrode by insulating spacers. The dimensions of
the spacer are such that there is a very thin layer
��0.1 mm� of air �or vacuum� between the front surface of
the sample and the wire grid of the first electrode. Thus,
there is nothing in direct contact with the front surface of the
sample. The electromodulation was achieved by applying an
ac voltage of 1 kV �peak to peak�, 200 Hz across the
electrodes.

The light striking the detector contains both dc and ac
signals: the dc signals given by I0���R���, where R��� is the
dc reflectance of the material while the modulated �ac� signal
�at frequency �m� is I0����R���, where �R��� is the change
in reflectance produced by the modulation source. The ac
signal from the detector, proportional to I0����R���, is mea-
sured by a lock-in amplifier. Typically I0�R is 10−4 to 10−6 of
I0R. In order to evaluate the quantity of interest, i.e., the
relative change in reflectance �R /R, a normalization proce-
dure must be used to eliminate the uninteresting common
feature I0���. The normalization is performed by a variable
neutral density filter �VNDF� connected to a servo mecha-
nism. The dc signal from the detector, which is proportional
to I0���R���, is fed into the servo which moves the VNDF in
such a manner as to maintain a constant I0���R���, i.e.,
I0���R���=C. Under these conditions the ac signal
I0����R���=C�R��� /R���. Subsequently, the signal to the
lock-in amplifier is proportional to the quantity of interest,
i.e., �R��� /R���.

The intersubband absorption was measured using FTIR
spectrometer equipped with a liquid-nitrogen �LN2� cooled
HgCdTe detector. The sample was polished to obtain a
multiple-pass geometry �see inset of Fig. 4�.

III. RESULTS AND DISCUSSION

The CER spectra of the two MQW samples are shown in
Figs. 3�a� and 3�b�. In both, the solid line is the CER spec-
trum measured at room temperature. The transition energies
were obtained using a fit �shown by the dashed line� based
on the first derivative of a Gaussian line shape, which is the
appropriate line shape due to the bound origin of the
transitions.7,8 The arrows in Fig. 3 indicate all the energy
values of the transitions resulting from the fit. These values
are also presented in Table I. The notation EnH�L�m repre-
sents the transition from the nth conduction subband to the
mth valence subband of heavy �H� or light �L� hole charac-
ter, respectively. Comparing the two CER spectra, the signal
from sample B contains more noise than that of sample A.
This may be due to roughening of the surface after etching.
�A 70 s chemical etching was performed on sample B using
0.1M bromine-methanol solution since the signal �at
�2.1 eV� from the thick ZnCdSe top layer would dominate
the CER spectrum.� Furthermore, to avoid the effect of oxi-
dation on the etched surface, only two CER scans were done
for sample B, while 20 scans were used for the measurement

on sample A, improving the signal to noise ratio in sample A.

JVST B - Microelectronics and Nanometer Structures
Due to the relatively high noise level of CER spectrum of
sample B, we did not try to fit the EnLm transitions.

The assignments were done according to the following
considerations. First, the signals at 3.00 and 2.96 eV were
assigned to the ZnCdMgSe barriers by comparison to the
77 K PL emissions from the barriers, which were observed at
3.1 and 3.0 eV, respectively, and considering the thermal en-
ergy shift from 77 K to room temperature. The signals at
�2.1 eV in Figs. 3�a� and 3�b� were assigned to the transi-
tion of ZnCdSe grown lattice matched to the InP substrate
according to previous reports.17 The CER transitions at 2.183
and 2.196 eV were assigned to the E1H1 transitions for
samples A and B, by comparing with the PL emission sig-
nals, included in Figs. 3�a� and 3�b� and Table I. The QW PL
signal for sample B was only measured at 77 K, as indicated
in the experimental section, and a shift of �80 meV due to
the temperature.

In order to assign the remaining transitions calculations
were performed based on the envelope function approxima-
tion, considering that the QW was doped.18,19 The values for
the effective masses and spin-orbit splitting used in this cal-
culation were obtained from a linear interpolation of the bi-
naries values.4 Following the reported values for the conduc-
tion band offset �CBO� in Refs. 4 and 5, we have assumed
that the CBO is 80% of the band gap difference between the
barriers and wells. A QW thickness of 52 Å for sample A and
42 Å were obtained from these calculations. The identified
transitions correspond to the symmetry allowed �n=m� and
symmetry forbidden but parity allowed �n=m±2,4 . . . � tran-
sitions. As seen in Table I, the calculations agree well with
the measured values. The E1-E2 ISB transition energies of

FIG. 3. CER spectra at room temperature �RT� of �a� sample A and �b�
sample B. The solid line represents the experimental data. The dashed line is
a fit based on the first derivative of a Gaussian line shape, yielding the
transition energies indicated by the arrows. The room temperature PL emis-
sion of sample A and the 77 K PL emission of sample B, used to identify the
E1H1 transition, are shown in 3�a� and 3�b�, respectively.
the two samples can be estimated to be 178 and 233 meV,
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which correspond to wavelengths of 6.97 and 5.32 �m.
The predicted values of the E1-E2 transitions were con-

firmed by FTIR measurements. The absorbance for each
sample is obtained by taking the negative logarithm of
P-polarized transmittance over S-polarized transmittance.
The normalized absorbances of the two samples are shown in
Fig. 4. Absorption peaks at 180 meV �6.89� and 231 meV
�5.37 �m� are clearly observed and they are strongly polar-
ization dependent. The full width at half-maxima are 21 and
30 meV, indicating a ratio of �E /Epeak of 10% for both
samples. This suggests that the absorption is due to the
bound-to-bound ISB transition E1-E2. Comparison between
the FTIR results and the CER predictions indicates that an
excellent agreement was achieved. This work also demon-
strates the ability to readily tune the absorption wavelength
of the ISB transitions in our materials by changing the QW
thickness.

TABLE I. Experimental and calculated transition ener

IB transition

Sample A �dQW=52 Å

Calculation �eV�
CE
�±

ZnCdSe 2.105 �RT PL�
E1H1 2.181
E1L1 2.205
E1H3 2.300
E2H2 2.405
E2L2 2.496
E3H1 2.606
E3L1 2.630
E3H3 2.725
Barrier 3.10 �77 K PL�

ISB transition Estimation �meV� FTI
E1-E2 178

FIG. 4. Intersubband absorption �solid line� measured by FTIR at RT and
Lorentzian fit �dashed line� for samples A and B. The inset indicates the

multiple-pass geometry used in the measurements.
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IV. CONCLUSION

We have grown two ZnxCd1−xSe/Znx�Cdy�Mg1−x�−y�Se
MQW structures having different QW thickness, which al-
lows us to tune the ISB transition energy in the mid-IR re-
gion. Excellent material quality, consistent with the require-
ments of device applications, has been demonstrated. Using
CER and envelope function approximation calculations, the
ground state and higher order transitions were observed and
identified. From this, the E1-E2 ISB transition energies of
these two structures were estimated as 178 and 233 meV.
Intersubband absorption measurements by FTIR yielded
peak values at 180 and 231 meV. The excellent agreement
between these two techniques shows that CER can be used to
investigate structural, optical, and electronic properties of
these complex structures, including prediction of the ISB
transition energy. These results give further confirmation that
MQW of this II-VI material system can be grown in high
quality and can be designed to fabricate ISB devices whose
operating wavelengths can be readily tuned in the mid-IR
range by changing the QW thickness.20
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