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Photocurrent spectroscopy of Zn, „Cd„Se/ZnSequantum wells in p-i-n heterostructures
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Photocurrent-spectroscopy studies were performed in the 10& T & 300 K temperature range on p-i-n
heterostructures grown by molecular-beam epitaxy and incorporating Zn& „Cd„Se/ZnSemultiple quan-
tum wells (with x =0.10 and 0.25) in the undoped region. The extremely well-resolved excitonic features
and corresponding continuum edges allowed us to obtain directly the exciton binding energies and corn-
pare the spectra with excitonic transition energies calculated taking into account the effect of strain.

Phototransport efFects have been widely used to study
the electronic properties of bulk semiconductors as well
as semiconductor interfaces. ' In particular, the photo-
voltage (PV) process generally involves the separation of
photoexcited electrons and holes by band bending near a
surface or junction. In an open circuit con6guration, this
results in a photovoltage that tends to reduce the built-in
potential. When the circuit is closed on a suitable load
resistor, a photocurrent will result. The magnitude of the
signal will generally depend on the optical-absorption
probability, on the carrier recombination velocity, and-
in the presence of a photocurrent —on the resistance of
the bulk material or junction, and therefore on tempera-
ture.

Application of phototransport techniques to the deter-
mination of electronic parameter in wide-gap, II-VI semi-
conductor materials and related multiple-quantum-well
(MQW) structures has been attempted recently, ' and
met with only moderate success. These materials, and
especially Zn, ,Cd„Se/ZnSe MQW's, are attracting in-
tense attention in connection with the development of
coherent emitters operating in the blue and blue-green re-
gions of the visible spectrum, ' but still exhibit sub-
stantial problems as far as doping and contact fabrication
are concerned. Also, only relatively limited information
is available about the excitonic versus free-carrier nature
of the optical processes involved in lasing, and, in gen-
eral, about the excitonic parameters of these tnateri-
als. ' During PV measurements at room temperature
on Zno szCdo, sSe/ZnSe MQW laser structures and
MQW p inmodulator-s, -heavy-hole exciton absorption
features with n =1 (E,HH ) were directly observed, while
broader absorption features were tentatively assigned to
n =1 light-hole transitions (E,tH), yielding an estimated
excitonic binding energy of 36 me V, and a light-
hole —heavy-hole splitting of some 56 meV in the 7.5-nm-
thick ternary quantum wells.

In this work we report well-resolved photocurrent
spectra of Zn, „Cd„Se/ZnSeMQW's (with x =0.10 and
0.25) as a function of temperature. The MQW's were em-
bedded in the undoped region of suitable p-i-n hetero-
structures. At variance with previous attempts to exploit

PV techniques on this class of materials, we fabricated
the p and n sides of the junction using epitaxially grown,
highly doped p-type GaAs and n-type ZnSe layers, in or-
der to reduce the problem of fabricating ohmic contacts
to p-type ZnSe. All materials were grown by solid source
molecular-beam epitaxy (MBE) on GaAs(001) wafers, fol-
lowing the methodology described in Refs. 11 and 12.

The layer sequence is schematically illustrated in the
inset of Fig. 1. Beryllium-doped, 0.5-asm-thick, GaAs
bufFer layers (p-0. 1-1.0X10' cm ) grown at 580'C
provided the p-type layers of the p i nhetero-st-ructures.
The undoped regions of the junctions'3 were fabricated
by growing 0.5-pm-thick ZnSe bufFer layers at 290'C, fol-
lowed by ten-period Zn, „Cd„Se/ZnSe MQW's with
x =0.10 (sample A) or 0.25 (sample B). Each period was
comprised of a 2.8-nm-thick ternary well, and a 21.7-nm-
thick ZnSe barrier. The MQW's were grown at 250'C
with a 30-s growth interruption at each interface. The
topmost n-type regions of the heterostructures were Cl-
doped (n —10' cm ), 0.5-pm-thick, ZnSe layers fabri-
cated while slowly raising the temperature from 250 to
290'C.

The heterostructures were prepared for the measure-
ments by evaporating metallic contacts on both surfaces.
Indium was used for the bottommost p-doped GaAs con-
tact, whereas Au was deposited on the topmost n-type
ZnSe layer. The contacts were approximately 100 nm
thick, and the contact area was approximately 0.8 mm in
size. The p-i-n diodes were evaluated by means of
current-voltage (I-V) measurements. Typical I-V curves
at a temperature of 300 K are shown in Fig. 1, and com-
pared well with the best results in the literature on the
same type of materials. '

Photocurrent measurements were performed by
mounting the sample on the cold Snger of a closed-cycle
He cryostat, equipped with an electronic temperature
controller. Thin gold wires were attached by means of a
silver-loaded conductive epoxy to the metallic contacts
on the sample surfaces. We used a frontally mounted,
tungsten halogen lamp monochromatized by a 1-m single
grating monochromator to illuminate the sample through
a suitable chopper. The typical power density at the sam-
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pie surface was of the order of a few p%'cm, for a slit
width of 100 JMm. Under these conditions, the spectral
resolution was better than 0.2 meV. The resulting photo-
current was detected as a function of photon energy by
means of a lock-in amplifier (input impedance —l MQ)
and digitally stored.

Photocurrent spectra at diferent temperatures are
displayed in Figs. 2 and 3 for samples A and 8, respec-
tively. A rich excitonic absorption structure is em-
phasized at low temperature for both types of samples.
In the high-photon-energy range, the abrupt increase in
photocurrent refiects optical absorption in the topmost
n-type ZnSe layer, with a clear excitonic resonance near
2.81 eV. At energies lower than the band-gap edge of the
ZnSe barriers, the photocurrent signal appears to repro-
duce in detail the expected joint density of states of the
Zn, „Cd„Se/ZnSeMQW's. In particular, sharp heavy-
hole (HH) and light-hole (LH) excitonic features with
corresponding we11-de5ned continuum edges can be
resolved. Fabry-Perot oscillations (not shown) could also
be observed in the transparency region of the heterostruc-
ture, because of the high quality of surfaces and inter-
faces.

The similarity of the measured photocurrent spectra to
the expected optical absorption line shape of the p-i-n
heterostructure is evidenced in Figs. 2 and 3. The
dashed curves represent the absorption spectra recorded
from the same samples after removing the substrate by
selective chemical etching. Actually, this similarity de-
pends on the choice of suitable geometric parameters for
the heterostructures. Light absorption in the transparen-
cy region of the ZnSe barrier is absorbed in the
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FIG. 2. Photocurrent spectra of sample A at difFerent tem-

peratures. The photocurrent curves have been multiplied by

(
—1) to evidence the similarity with the absorption spectra.

Maxima in the spectra correspond to minimum photocurrent

signal (i.e., strong absorption). The vertical arrows indicate the
calculated excitonic transitions (see Table I). The dashed line is

the absorption spectrum measured from the sample after selec-

tive chemical etching of the substrate.

Zni „Cd„Se/ZnSe quantum wells to produce electron
hole pairs which are readily separated by the built-in po-
tential gradient. In this case the current of minority car-
riers Qowing across the junction is a drift current (Id, ).
Assuming a photogeneration rate G(x) =Goae
where a is the absorption coefBcient, the drift current is
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FIG. 1. Typical current-voltage characteristic of the investi-

gated p-i-n heterojunctions at 300 K. The structure of the sam-

ples is depicted in the inset.
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FIG. 3. Same as in Fig. 2 for sample B.
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given by

I~=—q 6 x x =qGO 1 —e ~ -qGO+P',
0

where $Vis the thickness of the intrinsic region where ab-
sorption occurs. In the last term of Eq. (1) the exponen-
tial power expansion has been truncated to the first order
(aW(1 in our samples). The implication is that to the
first order the photocurrent signal is proportional to the
absorption coeScient, but the departure from this pro-
portionality may occur when the thickness of the intrin-
sic region W is too small, and the contribution of the
diffusion current across the depletion layer has to be tak-
en into account. This should introduce an additional
dependence —generally nonlinear —of the photocurrent
signal on the absorption coefficient, which would compli-
cate the interpretation of the spectral line shape.

When optical absorption takes place outside the de-
pletion layer, the detected photocurrent also depends
strongly on the choice of suitable geometric parameters.
For example, photons of energy h v) 2. 8 eV are absorbed
directly in the topmost ZnSe n-type layer, and in this case
the photocurrent is primarily due to minority-carrier
diffusion (I&,N } from the top layer to the intrinsic region,
provided that the top layer thickness is small enough—
comparable to the carrier diffusion length —and large
enough to minimize the opposite contribution due to the
surface recombination velocity. A detailed analysis of
the relationships between absorption and photocurrent
spectra is presently underway in our laboratories, and
will be the subject of a forthcoming paper.

The temperature dependence of the photocurrent spec-
tra of the shallower quantum wells (Fig. 2, sample A,
with 10% Cd content), shows that the light-hole exciton
is ionized above 150 K, indicating a rather weak
confinement. The heavy-hole exciton, on the other hand,
seems more stable. Its binding energy, as deduced from
the splitting between the exciton peak and the continuum
edge in Fig. 2, is about 20 meV. This is consistent with
the observed ionization of the HH resonance at a temper-
ature of about 200 K. At room temperature the absorp-
tion profile becomes broad and featureless, reproducing
the joint density of states of the bulk ZnSe topmost layer
with a low-energy tail in the quantum-well region.

The deeper quantum wells (Fig. 3, sample B, with 25%o
Cd content) should give stronger excitonic confinement,
by virtue of the stronger band-gap discontinuity. Indeed,
the binding energy of the heavy-hole exciton deduced

b,EHH = —2a„ C11 C12 e+p
11

C)i+2Ci~

Cl 1 C12
Et.H —2a„s—P

11

C11 +2C

Cii+2C—2 P ~ ~ ~ (3)

where the elastic stiffness constants C,", the deformation
potentials a and P (a„=1/3a), and the spin-orbit split-
ting 5 were taken from Ref. 15. The calculated compres-
sive strain s in the ternary wells amounts to 0.0072 for
sample A and 0.018 for sample B. The lattice mismatch
results in a reduction of the efFective light-hole band
discontinuity, thus causing shallower LH levels in the
quantum well. On the other hand, the HH states are only
weakly affected by the strain. Assuming a 80:20
conduction- to valence-band offset, and the efFective
masses reported in Ref. 16, we calculated the band
discontinuities and the confinement energies listed in
Table I. ' Taking into account the heavy-hole exciton
binding energies determined directly from the
exciton-continuum-energy separation, we obtained the
excitonic transition energies indicated by the vertical ar-
rows in Fig. 1 and 2. The agreement between theory and

from the spectra amounts to about 36 meV. In this case
the HH excitonic feature persists up to room tempera-
ture, whereas the LH band can still be observed above
200 K, * as can be seen in Fig. 3. Furthermore, distinct
absorption structures are observed at higher energy in the
quantum-well region (around 2.72 and 2.79 eV at 10 K),
that we ascribe to the 2e-1HH transition (probably
favored by the internal electric field) and the n =2 (2e-
2HH} excitonic absorption, respectively. Such features
are not observed for sample A, in which the n =2 elec-
tron and hole states are not confined in the shallow quan-
tum well.

In order to quantitatively interpret the photocurrent
spectra of Figs. 2 and 3, we have calculated the eigen-
states of the quantum wells by means of the envelope-
function method, within the effective-mass approxima-
tion. The strain effect was computed according to the
Pikus and Bir Hamiltonian, ' the heavy-hole and light-
hole valence-band shifts being given by the following
equations:

TABLE I. Electronic parameters calculated for the investigated samples (all numbers are in meV, except the Cd content).
EEHH LH are the strain-induced shifts of the electron —heavy-hole (HH) and electron —light-hole (LH) band edges of Zn, „Cd„Se.
6V, HH &H indicate the actual potential discontinuities experienced by the electrons (e), the heavy holes (HH), and light holes (LH)
after having taken into account the strain. The quantization energies of the individual particles are labeled by E,. (j =e, HH, and
LH). Note that the deepest quantum-well sample has the n =2 electron and the n =2 heavy-hole states con6ned in the well. Eb are
the well exciton binding energies.

Sample

A
B

Cd
content

10%%uo

25%

~EHH

0.36
0.54

36
80.4

93.5
226.3

38.8
33.6

~ ~LH

3.3
14.5

54
88

E1HH

19
29

E&LH

3
13 210 88
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experiment is very good.
As deduced from the temperature-dependent photo-

current spectra of Figs. 2 and 3, the LH subbands are
only weakly conSned, being only a few meV below the
band edge of the ZnSe barrier (see Table I}. This is con-
sistent with the observed disappearance of the LH exci-
ton occurring in the photocurrent spectra above 150 K.
Furthermore, the n =2 electron subband in sample B is
resonant with the continuum of the conduction band.
The related resonance in the spectrum appears like a
broad band centered at the expected energy.

Finally, we emphasize that the presence of a well
resolved ZnSe-related excitonic feature in the spectra of
Figs. 2 and 3 allows us to evaluate directly the overall
depth of the quantum well, i.e., the band-gap discontinui-
ty. This is given by

b,E =E (ZnSe}—E (Zn, „Cd„Se)
=E (ZnSe) —E„+E,HH+E„, (4)

where E is the measured exciton energy. The difference
of the binding energies of the excitons in the ZnSe and in
the quantum well can be neglected. The resulting values,
which are only weakly dependent on the choice of the
band offsets, reproduce fairly well those expected from
the reported values of the ternary alloy band gap
E (Zn, „Cd„Se)as a function of Cd content. ' '
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