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This paper reports the application of scanning electron microscopy, x-ray diffraction, and
photoluminescence techniques for characterization of ZnSe nanocrystals grown on GaAs (100) sub-
strate from the vapor phase. The applied characterization techniques show the evidence for coexis-
tence of two sets of nanocrystals with rather different characteristic sizes. In addition, the lowest
energy levels of spherically shaped nanocrystals are calculated in the framework of the effec-
tive-mass approximation and compared with photoluminescence data.
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In the last ten years the field of semiconductor
nanostructures (SNS) has known a strong develop-
ment owing to demands in advanced optoelectronic
devices, chemical sensors, or even biological labels. A
comprehensive up-to-date review on SNS applications
can be found in Ref. 1.

Semiconductors that attract the most attention are
elemental (Ge, Si) ones as well as III–V and II–IV
compounds. In the pursuit of higher and higher qual-
ity and lower fabrication costs, a variety of physical
and chemical techniques have been tested in regard to
their capability to produce the above materials in
nanoscale size and with properties requested from in-
dustries. The full list of these diverse techniques exist-
ing in a variety of modifications would span a volume.
Nevertheless, two major groups can be distinguished
among all efforts to produce the SNS: synthesis in col-
loidal solutions [1,2] and gas-phase synthesis [3–5].
Very challenging strategies in the SNS field are
nanoscale lithography [6,7] and biogenic approach
[2,8]. Each of the techniques used has its own advan-
tages and drawbacks and obviously produce different
results.

This work reports characterization of ZnSe
nanocrystals produced by the technique that utilizes

the gas-phase synthesis route involving evaporation,
nucleation, and growth. The growth technique used is
a variant of vapor phase epitaxy (VPE) that uses no
alien substances except extremely pure hydrogen,
which plays the role of a carrier for transfer of the va-
por of the source material to the deposition zone. This
technique facilitates the growth of really uncont-
aminated ZnSe as opposed to the previously reported
VPE route utilizing reaction between vapors of
(CH3)Zn:N(C2H5) and H2Se in a counterflow jet
reactor [9]. For many years the ZnSe-based nano-
structures have been the focus of much attention for
applications in all solid-state blue and green light-
emitting devices. For such applications the purity of
working media is of great importance.

For this study a series of samples with ZnSe
nanocrystals atop GaAs(100) substrates were pre-
pared by VPE and assessed by scanning electron mi-
croscopy (SEM), x-ray diffraction, and low-tempera-
ture photoluminescence (PL). Only substrates with
the prevalent grain size around 0.2–0.3 mm were used.
This was assessed by x-ray diffraction topography.

A well-polished, 1�1 cm GaAs substrate was mo-
unted in a horizontal cylindrical quartz reactor with
three axial channels for the vaporization of source ma-
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terials. The reactor was equipped with PC controlled
gas delivery system that included automated valves
and rotameters. The vaporized materials were trans-
ported to the low-temperature deposition zone by
forced transport in a stream of high-purity hydrogen
purified with palladium membrane cells. A fourth in-
put channel provided means for a further flow of hy-
drogen to secure the best mixing of source vapor. The
source material was high-purity ZnSe powder (Merck)
vaporized at 975 �C. Corrections to the stoichiometry
were made by the use of evaporation of elemental
sources of Zn and Se. The source—substrate distance
was as long as 17 cm. As the apparatus provided for a
large (�250 �C·cm–1) temperature gradient in the de-
position zone, a critical factor affecting the result of
growth was the verticality of the substrate mounting
in the reactor. To preserve this, a special substrate
holder was constructed and, in addition, only sub-
strates with variation in plane less than 2 �k·cm–1

were used. The temperature of growth was controlled
with accuracy of ± 1�C in the range of 170–250 oC.
The reactor used has previously produced ZnSe based
low-dimensional structures of high quality [10].

It should be stated now that the streamline flow of
ZnSe vapor used for synthesis in [10] is not favorable
for the production of nanocrystals. Instead, this work
exploited a quite different synthesis route, viz., a
shock supply of strongly supersaturated ZnSe vapor
into the relatively cool (190–200 �C) reactor zone just
before the substrate. This shock supply was secured by
relatively high rate (� 1.5 L·min–1) of hydrogen flow
along the reactor as well as by a specially designed PC
program that manipulated electromagnetic valves
(controlling both hydrogen inlet and exhaust) of the
gas delivery system. In this case the ZnSe growth oc-
curs in extremely nonequilibrium conditions, yielding
structures for which a typical SEM image is shown in
Fig. 1.

The image in Fig. 1 shows in different gradations of
gray the variously sized nanoscale objects atop a GaAs
substrate, presented in pure black color. To have
better fillings of these objects the image from Fig. 1
was analyzed by edge-detection software. The soft-
ware output is shown by Fig. 2. It is interesting to
note that image in Fig. 2 shows some «big» objects
(with sizes of a few tens of nanometer) that are also
found in Fig. 1, indicating a high reliability of the im-
age processing. At the same time it is clearly seen from
Fig. 2 that these «big» objects with nearly spherical
shape consist of massive numbers of much smaller
crystallites (referred to below as nanocrystallites)
with sizes of a few nanometers. (A hint of this can be
also found in Fig. 1.) In addition, from the careful ex-
amination of booth Fig. 1 and Fig. 2 one can notice

that these nanorystallites are randomly scattered over
all the substrate surface. Apparently they were syn-
thesized at the first stages of the growth procedure.
The appearance of big objects evidences that these
nanocrystallites have a trend for further aggregation,
and their spherical shape gives a hint that such pro-
cesses took place in the reactor but outside the sub-
strate.

To determine the average size of nanocrystallites,
the x-ray diffraction patterns (XRDP) from grown
samples were measured in �–2� configuration (�
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Fig. 1. SEM (Hitachi S-510) image of ZnSe nanocrystals
on GaAs substrate.
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Fig. 2. The result of software processing of the SEM
image shown in Fig. 1.



stands for the incidence angle) using DRON-2
diffractometer (upgraded with PC control and da-
ta acquisition) that utilized CoK

�
radiation (� =

= 1.7902 �). Figure 3 shows the XRDP for the same
sample as in Fig. 1. The remarkable thing about ob-
served XRDP is that it displays clearly three principal
diffraction peaks centered at 31.86, 53.17, and 63.30�.
The positions of these peaks are in good agreement
with the reflections from (111), (220), and (311)
crystallographic planes of the cubic modification of
ZnSe. The observation of three peaks means that syn-
thesized crystallites of ZnSe are randomly oriented.
This may indicate that these crystallites were col-
lected on the substrate after their formation. Indeed
previous experiments have shown that at straight de-
position and epitaxial growth on a GaAs(100) sub-
strate the resulting ZnSe structures were (100)-ori-
ented [10,11].

What is more remarkable than the fact that the
XRDP of the investigated samples contains reflections
from different crystallographic planes of ZnSe is that
these reflections are broadened out and their broaden-
ing is not elemental. Roughly each of the observed re-
flections can be decomposed into two components at
the same position: a very narrow component and a
broad one. The inset in Fig. 3 shows the decomposi-
tion of the observed (111) reflection into two Gaussi-
an curves with doubled standard deviations (2�) of
around 1,487 and 0,165�, respectively.

The question arises why the observed x-ray reflec-
tions are so complicated, each of them being a super-
position of broad and narrow components with rather
different full width at half maximum (FWHM). Ob-
viously it suggests that two distinct sets of ZnSe
nanocrystallites coexist on the same substrate. Ac-
cordingly two sets of x-ray signals from the sample are

observed at the same Bragg angle. In other words, the
size distribution of relevant ZnSe nanocrystallites on
GaAs substrate is bimodal, with two strongly differ-
ing characteristic sizes that determine the widths of
relevant components of the same reflection . The set of
crystallites with the smaller characteristic size (fur-
ther referred to as the S-set) contributes to the
broader component (S-component), while the set of
crystallites with the larger characteristic size (L-set)
donates the narrow component (L-component). To
distinguish between these sets of crystallites, a con-
vention was established that physical values with S as
a superscript will always represent the S-set; analo-
gously, L as a superscript will stand for the L-set.

To extract information about the size of the nano-
crystallites from the XRDP, a separation of the peak
broadening caused by the diffractometer from the sam-
ple-generated (intrinsic) broadening was performed
first. Assuming a pure Gaussian shape for both intrin-
sic and instrumental profile, one can write [12]:

� � �int
S L

m
S L

i
, ,( )� �2 2 , (1)

where � int
S L, , �m

S L, , and � i are the standard deviations
for the intrinsic profiles, measured profiles, and in-
strumental profile, respectively.

The instrumental broadening was determined from
the (400) reflection (measured with the finest avail-
able step of 0.01�) of the GaAs substrate at 78.58�
(not shown in Fig. 3). As the substrate has grains
large enough to eliminate the size-broadening effect, it
generates diffraction line broadening which is affected
only (by surmise) by the instrumental contribution.
The fit of a Gaussian function to the (400) peak
yielded 2�i 	 0,066�. As this value is considerably less
than those obtained from the fitting of Gaussians to
the S-components in XRPD, the instrumental broad-
ening correction of these components was disregarded,
and only the L-components were corrected.

It is well known that besides the crystallite size,
the shape of the Bragg reflexes conveys information of
the nonuniform interior strain. The approaches used to
extract both strain and size effect from the distortion
of the Bragg peaks generally involve fitting mathe-
matical functions (e.g., Lorentzian, Gaussian, Voigt,
etc.) to the shapes of observed reflections, and then
obtaining desired information according to theoretical
models assumed to be correct for the investigated ma-
terials [13–15]. With many successful results avail-
able, the objective of this research was not to compete
with these results on the basis of choosing the appro-
priate functions and/or fitting procedure, but to pres-
ent the problems of nanocrystal growth from the per-
spective of VPE technique. Therefore for the sake of
simplicity we took no notice of the possible strain con-
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Fig. 3. XRDP of ZnSe nanocrystals on GaAs substrate.
Note in the inset the presence of the two Gaussian fits
(marked as a and b) under the (111) ZnSe reflection.



tribution into broadening of observed x-ray reflections
and assumed that only size effect was appreciable.
More likely than not this assumption did not affect
significantly the results obtained for the S-set of
nanocrystallites due to the considerable broadening of
S-components in XRDP. The L-components are more
than ten times narrower than S-component and as
such should be very sensitive to the strain effect.
However, it is evidenced below that the characteristic
size estimated on the assumption of minor strain con-
tribution to the L-components does not vary signifi-
cantly from peak to peak, and hence the above as-
sumption is not too far from truth. Nevertheless the
last statement will be studied somewhere else by using
a combination of precision x-ray diffraction and Ra-
man spectroscopy.

With above assumption the FWHM of the intrinsic
diffraction line (
 �S L, ( )2 = 2 2 2� int

S L, ln , in radians)
corresponds to crystallite size following the
Debye—Scherrer formula [16]:


 �
�

�

S L

h k l
S L

K

H

,

, ,
,
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cos

2 � , (2)

where Hh k l
S L
, ,
, stands for a volume-weighted column

height of crystallite in the [hkl] direction, and K is
a somewhat arbitrary geometry-dependent constant
whose value is typically between 0.85 and 1.00. Tab-
ulated values of K for some cubic crystals can be
found in Ref. 17.

On the basis of Eqs. (1), (2) the characteristic size
for both the S-set and L-set of ZnSe nanocrystallites
can be calculated from the fitting of Gaussian func-
tions to the observed reflections. The best fit is
achieved with values listed in Table 1. Table 1 does
not offer data for the S-set in the [311] direction. For
the reason that the noisy signal in this direction pre-
vents precise fitting, the relevant data were omitted to
be on the safe side. Because the choice of the best
value of the K factor in Eq. (2) is something of a mys-
tery under the condition that the nanocrystallites
shape is not known a priori (the values most fre-
quently used in the literature are 0.89, 0.93 and 1),
Table 1 gives not the exact numbers for �

� � �

� �

� �

� but its
range obtained with the limit values of the K coeffi-
cient. Despite such an approximate answer to the
question of the size of the nanocrystals it facilitates
the «guesstimates» relevant to their shape. Namely,
from Table 1 an identical trend is visible for both the
L-set and S-set of nanocrystallites: their characteristic
size does not depend on the observation direction. On
the one hand, it suggests negligibly small interior
strains present in these crystallites, and, on the other
hand, it hints at a spherical shape of these objects.

Table 1. Results of Gaussian fitting and Scherrer analysis.
In the 2nd and 3rd columns are mean values for the set of
10 samples. The 4th and 5th columns give values calculated
with K = 0.89 (lower bound) and K = 1 (upper bound).

hkl 2�int
L , deg 2�int

S , deg Hh k l
L
, , , nm Hh k l

S
, , , nm

111 0.152 ± 0.017 1.489 ± 0.121 53.0–59.6 5.4–6.0

220 0.156 ± 0.02 1.693 ± 0.29 55.6–62.4 5.1–5.8

311 0.162 ± 0.018 — 56.2–63.17 —

For spherically shaped crystallites of radius R one
can write [13]:

�  �H Rh k l
S L S L
, ,
, ,3

2
, (3)

in which the brackets indicate the averaging of data
with different Miller indices. From the data pre-
sented in Table 1 and Eq. (3) it was found that char-
acteristic radii for two coexisting sets of ZnSe
nanocrystallites resulting from the VPE technique
used were RL 	 36.6–41.2 nm and RS 	 3.5–4.0 nm.

It should be mentioned here that tens-of-nanometer
sized agglomerates (nanoparticles) of ZnSe with fine
structure that are clearly distinguished in Fig. 1 and
Fig. 2 do not contribute to the L-components of the
x-ray reflections, while on the contrary, their finest
parts of a few nanometers in size give the S-compo-
nents.

From this point we proceed with the results of the
PL measurements. They were obtained on samples
mounted inside an optical cryostat operating at 77 K.
The PL was excited by the 325 nm line of a 10 mW cw
He–Cd laser and analyzed by a computer-controlled
double monochromator with photon counting de-
tection.

Figure 4 shows the photoluminescence data for the
same sample as in Fig. 1. Two broad PL bands with
maximum emission intensities located at 2.854 eV (S)
and 2.797 eV (L) are clearly seen, in agreement with
an assumption of two coexisting nanocrystallites sets
on the same substrate. That is, we argue that the S
band in the PL spectrum in Fig. 4 originates from the
transitions relevant to the S-set of ZnSe nanocrystal-
lites, while the L band is related to the transitions
from the L-set. The ratio of integrated intensities of
these PL bands can be regarded as simply the ratio of
volumes for two sets of ZnSe nanocrystallites, show-
ing that the S-set is dominant. (Similar explanation
applies for the ratio of the integrated intensities of
S-components and L-components of XRDP in Fig. 3.)

The energy of the maximum emission intensity for
the L band agrees closely with the excitonic energy
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gap (2.791 eV, Ref. 18 ) of the bulk ZnSe at 77 K but
is blue shifted by 43 meV for the S band. We now
compare this observation with available theoretical
models describing in the framework of the effective
mass approximation the size effect on the high-energy
shift of the ground state of the electron—hole system.

For the L-set of nanocrystals one should consider
that R aL

B
�1 � 10 (aB � 50 � is the effective Bohr ra-

dius of the free exciton in bulk ZnSe [19]) and, thus
one can expect the following RL-dependence of the
relevant shift [20]:

�E
M R a

L
L

B

�
�

�
2 2

22

�

�( )
, (4)

in which M is the sum of the effective masses of elect-
ron me

* and hole mh
*, and � is a constant whose nume-

rical value is a function of m mh e
* *� . As was noted

in Ref. 20, the term �aB in Eq. (4) takes into ac-
count the excitonic dead layer, that is the near-
surface region of a nanocrystal that cannot be reached
by the center of mass of an exciton due to the finite
size of this quasiparticle. Using me

*= 0.17m0, mh
* =

= 0.60m0 [21], and � = 1.1 [20], the calculated �E L

is around 1 meV, showing that for such «big» nano-
crystals as the L-set the effect of quantum confinement
is small. One can see that this coincides within a few
millielectron-volts with experimental data presented
by Fig. 4. However a small discrepancy exists, and
most likely this comes from the size determination.

In contrast for the S-set of nanocrystals we have
R aS

B
�1 � 1. In this case to simulate the size dependence

of the band gap (EG) of the spherically shaped semi-
conductor one can use the following expression [20]:

E R E
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248ERy
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(5)

where the first term on the right side stands for the
band gap of the bulk semiconductor crystal; � and
ERy

* are the dielectric constant of semiconductor and
effective Rydberg energy of the free exciton, respec-
tively (the relevant numerical values for ZnSe are 8.1
and 20 meV [21]). The fourth term in Eq. (5) is due
to the spatial correlation between the electron and
the hole.

The calculated relevant dependence of band gap
based on Eq. (5) is plotted as line b in Fig. 4. Clearly,
it would be necessary to compare this calculation and
PL excitation measurements. Not having access to PL
excitation data, we state that the above calculation
cannot precisely reproduce the PL results for the
S-set. Besides the size determination, the discrepancy
may be caused by the presence of a Stokes shift
and/or failure of the effective-mass approximation
for relatively small nanocrystals.

In conclusion, we have described a simple tech-
nique for vapor phase synthesis of ZnSe nanocrystals
on a GaAs substrate. The design of the VPE reactor
enables growth at relatively low temperatures. The
nanocrystals were characterized by x-ray diffraction,
SEM, and low-temperature photoluminescence tech-
niques.

There remains a question about the nature of the bi-
modal size distribution of ZnSe nanocrystals. It is
clear that the simplest mechanism that leads to forma-
tion of nanocrystals should resemble the process de-
scribed in Ref. 9. When the hot vapor of ZnSe enters a
cooled zone of reactor it becomes supersaturated and
undergoes a fast condensation, resulting in single-
crystalline nuclei. The nuclei with radii larger than a
critical size propagate along the reactor tube and un-
dergo further growth by absorbing gaseous constitu-
ents. The nanocrystallites and their aggregates formed
via coagulation are collected on the GaAs substrate.
Assuming that the growth of nanocrystallites is mono-
tonic with time, one would expect them to have a
monomodal size distribution. However, this is not the
case, and applied characterization techniques indicate
the synthesis of nanocrystals with a size distribution
that follows a more complicated law. Obviously, to
find the solution to this problem, a refined analysis is
needed. In reality the gas phase composition is not
uniform. It contains such chemicals as H2, ZnSe, Zn,
H2Se, and Se, and, hence, one may include in the
analysis whatever additional set of reversible chemical
reactions are desired. In addition this analysis (if any)
must consider the strong nonequilibrium state of the
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Fig. 4. PL spectrum (a) of ZnSe nanocrystals on GaAs
substrate at 77 K in relation to the calculated band gap
EG(R) (presented by line b) of the spherical nanocrystals
with radius R. The spectrum has been normalized to the
intensity of the S band. The arrow indicates the value of
the excitonic energy gap for bulk ZnSe at 77 K .



vapor mixture in reactor and/or extra nucle-
ation/growth on the substrate.
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