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Pseudobinary Solid-Solution: An Alternative Way for
the Bandgap Engineering of Semiconductor Nanowires

in the Case of GaP-ZnSe

Wenjin Yang, Baodan Liu,* Bing Yang, Jianyu Wang, Takashi Sekiguchi,

Staedler Thorsten, and Xin Jiang*

Bandgap engineering of semiconductor nanostructures is of significant impor-
tance either for the optical property tailoring or for the integration of func-
tional optoelectronic devices. Here, an efficient way to control the bandgap
and emission wavelength is reported for a binary compound semiconductor
through alloying with another binary compound. Taking GaP-ZnSe system

as an example, the bandgap of quaternary GaP-ZnSe solid-solution nano-
wires can be selectively tailored in the range of 1.95-2.2 eV by controlling the
solubility of ZnSe dopants in GaP host. High-resolution transmission electron
microscopy measurement and chemical analyses using an X-ray energy disper-
sive spectrometer (EDS) demonstrate the solid-solution feature of GaP-ZnSe
semiconductor alloy, while X-ray photoelectron spectroscopy (XPS) characteri-
zation verifies the formation of some new chemical bonds corresponding to
Zn-P and Ga-S bonds in GaP-ZnSe nanowires. The strategy to tailor the optoe-
lectronic property of semiconductor nanostructures through the solid-solution
of two different binary compounds represents a general routine to the property
modification of all pseudobinary systems and will open more opportunity for

semiconductors shows a strong impact
on the integration of photoelectricity and
electrical devices.”®l Good examples in
this context are field effect transistor and
light emitting diode (LED). Consequently,
it is crucial to develop efficient methods
to modify these properties. This, in turn,
will ultimately allow for an enhancement
of the performance of any corresponding
devices. Previous studies on the tuning of
properties of semiconductors have dem-
onstrated that the alloying or solidifica-
tion of foreign elements (or compound)
into the host lattices can lead to significant
changes in energy band-gap, electrical
transport, lattice constant, and lumines-
cence properties, respectively Up to
date, successful property tuning has been
reported for numerous binary and ternary

their applications in electronics, optics and optoelectronics.

1. Introduction

Bandgap engineering of semiconductors is technologically
important for efficient optoelectronic property tailoring and
significant device performance improvement and thus plays
a key role in semiconductor device integration and applica-
tion.'"¢! For intrinsic semiconductors, the optical and elec-
trical properties such as conductivity type, carrier density, and
mobility, as well as the band structure, are usually confined
subjected to their own nature.! The electrical conductivity of

solid-solution systems such as SiGe,!
ZnCdsSe,1%11  ZnSSe,231  PbSeTe, 1
CdZnTe”l  InGaN/>™  AlGaN,™
InGaAs,"*l and GaAsP.['7]

The formation of a binary or ternary solid-solution can be
regarded as a doping process, in which the dopant element
will randomly occupy the position of anions or cations in the
host material. For example, a ternary InGaN solid-solution can
simply be obtained by substituting Ga with In in GaN. Conse-
quently, this strategy allows for the preparation of InGaN alloys
with a defined composition. Compared to binary and ternary
semiconductor solid-solutions, quaternary solid-solutions offer
an even more powerful path to tailor their optoelectronic prop-
erties as anions and cations can be simultaneously substituted
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(- Table 1. Possible quaternary (I11-V);_,(11-VI), solid-solution semiconductor system.

"

A -

< 111-V compound 11-VI compound Solubility (x) Band gap [eV] Reference

(-} AlP Zns x<0.01 35]

:II AlSb CdTe 0<x<1 1.4-1.9 [35,36]

=] AlSb ZnTe x<0.18 [35]

L GaN ZnO 0.05 <x<0.22 2.6-2.8 [33,37]
GaP ZnS 0<x<1 2.2-3.7 [8,19,20,26]
GaP ZnSe 0<x<1 2.1-2.6 [19,24-26]
GaAs ZnS 0<x<1 1.5-3.0 [35,36]
GaAs ZnSe 0<x<1 1.3-2.6 [19,22]
GaAs ZnTe x<0.9 1.4-2.0 35,36]
InP cds 0<x<1 13-26 35,36]
InP ZnS x<0.1,x>0.94 [35]
InP ZnSe x < 0.06, x> 0.94 35]
InAs CdTe x<0.33,x>0.7 0.2-1.5 [35,36]
InAs HgTe 0<x<1 35]
InSb CdTe x<0.05 0.05-0.2 35,36]
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due to the binary nature of the compounds. However, despite
all efforts, the defined formation of such materials still remains
challenging due to the simple fact that the synthesis of these
quaternary solid-solutions involves two individual sponta-
neous doping processes. Here anions and cations of the dopant
replace anions and cations of the host compound during nucle-
ation and crystallization to form a completely new solid phase.
Unfortunately, this replacement occurs randomly and often
incompletely. The growth conditions of a homogeneous crystal-
lization of such solid-solutions are strictly confined to a local
equilibrium.®! Even slight deviations in composition or temper-
ature will result in a phase separation or might cause the for-
mation of core-shell structures.'®¥] In fact, almost 50 year ago
Yim* and co-workers have studied quaternary (III-V)—(11-VI)
solid-solutions in different film systems. Their bulky films
showed a case-sensitive solubility. In contrast to these films,
quaternary solid-solution semiconductors featuring nanoscale
dimensions require rather critical growth conditions and well-
designed reaction routines to guarantee phase purity.

Even though the formation of solid-solution nanostructures
poses a considerable challenge, it is worthwhile to undertake
this endeavor as a controlled synthesis of solid-solution nano-
structures in different semiconductor system provides alterna-
tive routines for the tailoring of optoelectronic properties. Sub-
sequently, achievements in this field will have a strong impact
on various electronic nanodevices and functional applications
based on these solid-solution nanostructures. Being able to
manipulate the formation allows for a potential control over
conduction type, carrier density, mobility, resistance, and band-
gap of the materials. Most importantly, the growth prerequi-
site for forming pseudobinary solid-solution proposed within
the framework of this study represents a general guideline
in order to facilitate the synthesis of different semiconductor
groups, which, in turn, paves the way for further fundamental
research as well as new technological applications. Recent
reports show some progress for nanostructured materials

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

obtained as quaternary solid-solutions from II-VI and III-V
semiconductors; e.g., GaPZnS,?% GaNZnO,?!! GaAsZnSe,?%
and ZnCdSSe. Table 1 summarizes all known (II1-V)—(II-VI)
semiconductor alloys in this context.

As key members of the semiconductor family, group III-V
and II-VI compounds such as Ga-based nitride and Zn-based
oxide as well as sulfide semiconductors have attracted signifi-
cant research interest due to their peculiar physical and chem-
ical properties making them ideal candidates for numerous
technical applications in the field of optics, electronics and
photocatalytics.*820.22-26] [n our previous work!® we have estab-
lished a general rule for the controlled synthesis of quaternary
solid-solutions based on two binary compounds. In this context,
the structural homogeneity as well as the chemical compatibility
of the initial compounds are the prerequisites for any pseudo-
binary solid-solution formation and play a key role in achieving
a controlled synthesis. Strongly motivated by the potential of
the solid-solution approach in the context of tailoring optoelec-
tronic properties we selected zinc-blende-type cubic GaP and
ZnSe as initial compounds. This selection was guided by our
design rule mentioned above as both materials feature very
similar lattice constants. Their difference in band-gap, however,
makes them appealing candidates for a band-gap engineering
approach based on the tailoring of solubility. In this paper, we
demonstrate a successful synthesis of GaP-ZnSe solid-solu-
tion nanowires. The process is based on a well-designed two-
channel chemical vapor deposition (CVD) method and allows
for mass production of these nanowires, which feature lengths
on the order of millimeters. The morphology, microstructure,
crystallization, and growth process of GaP-ZnSe solid-solution
nanowires were systemically studied by scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy (STEM).
Utilizing spatially resolved energy-dispersive X-ray spectro-
scopy (EDS), the distribution of composition inside individual
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GaP-ZnSe solid-solution nanowires was evaluated. Finally, con-
tinuous band-gap engineering in the range of 1.95-2.20 eV was
realized by tailoring the solubility of GaP-ZnSe solid-solution
nanowires. This achievement unlocks further opportunities for
quaternary semiconductor alloy nanowires in various optoelec-
tronic applications.

2. Results and Discussion

2.1. Structural and Chemical Analyses

In order to achieve such GaP-ZnSe solid-solution nanowires
featuring an overall solubility, ZnSe and GaP powders of high
purity and different stoichiometric ratios were applied as pre-
cursors and well-ground graphite with smooth surface was used
as substrate for the deposition of materials. The actual growth
experiments started out with a pure GaP precursor. In subse-
quent processes, the ZnSe ratio was gradually increasing until
a final experiment was carried out solely utilizing a pure ZnSe
precursor. Figure 1a shows the correspondent photographs of
the complete series of GaP-ZnSe nanowires prepared within
the framework of this study. The two samples on the left and
right sides correspond to pure ZnSe and GaP nanostructures,
respectively; while the remaining nine samples have been syn-
thesized at different nominal composition ratios of GaP:ZnSe.
Beginning from the left these ratios are 10:90, 20:80, 30:70,

7 ZnSe(
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40:60, 50:50, 60:40, 70:30, 80:20, and 90:10, respectively. At
a first glance, all these samples exhibit a yellow appearance
without any characteristic variation. In addition to this, SEM
observations reveal that all products, with the exception of pure
ZnSe with a typical particle-like morphology, feature a wire-like
morphology. Figure 1b—d shows typical morphologies of as-syn-
thesized GaP-ZnSe nanowires for nominal composition ratios
of ZnSe:GaP=10:90, 30:70, and 70:30, respectively. The pro-
cesses result in high-density growth of nanowires, which all dis-
play smooth surfaces and a wide diameter range of 100-500 nm,
respectively (Figure 1le). It can be seen that the average dia-
meter of GaP—ZnSe nanowires exhibits an increasing tendency
as the ZnSe ratio increases in initial precursors. For a process
time of one hour at a temperature of 1100 °C these GaP-ZnSe
nanowires, independent of their composition ratio, feature
lengths up to several hundreds of micrometers. Occasionally,
some nanowires with a length on the mme-order and a uni-
form diameter of =200 nm can be found. The presence of such
ultralong wires implies an extremely fast growth rate exceeding
1 mm h™t. Neither SEM nor TEM images revealed any metal
catalysts at the tip-ends of the nanowires investigated. This sug-
gests that the formation of the GaP-ZnSe nanowires is based
on a self-reconstruction mechanism of the four constituent ele-
ments during the sublimation of the GaP and ZnSe precursors.
HRTEM analysis, which was performed on several nanowires,
confirmed a superior crystallinity (Figure 1f) of the GaP-ZnSe
nanowires. Furthermore, the wires featured a preferential

‘((.(::

Figure 1. a) Images of GaP-ZnSe solid-solution nanowires featuring different ZnSe nominal composition ratios; b—d) typical morphologies of GaP-
ZnSe solid-solution nanowires with different ratios of ZnSe:GaP = 10:90, 30:70, and 70:30, respectively; €) a representative TEM image of a GaP-ZnSe
solid-solution nanowire and its corresponding f) HRTEM image and g) SAED pattern.
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Figure 2. a) Low-magnification SEM image of a long GaP-ZnSe solid-solution nanowire; b) EDS spectra collected from the spots indicated in (a);
c) STEM image and its corresponding spatially resolved elemental mapping of Ga, P, Zn, and Se elements in the nanowire; d1,d2) STEM images of
GaP-ZnSe solid-solution nanowires and d3,d4) their line-scan composition profiles taken along the radial and axial directions.

orientation along the [110] direction. Both HRTEM images and
selected area electron diffraction (SAED) pattern (Figure 1g)
verified their single crystal characteristic.

As mentioned above, the formation of quaternary pseudo-
binary solid-solution nanowires can be regarded as a random
process of simultaneous doping (or substitution) with anions
and cations. Compared to binary or ternary solid-solution nano-
structures,>*11%7 quaternary solid-solutions are composed of
two different binary compounds and consequently consist of
four different elements. The increased number of constituting
elements undoubtedly complicates the homogeneous solidifica-
tion process and the realization of phase purity, making the for-
mation of a single-phase solid-solution more challenging. The
current study focuses on the GaP-ZnSe system. Here, the four
elements, Ga, P, Zn, and Se are able to produce various com-
pounds during nucleation, e.g., binary ZnP, GaP, ZnSe, and
GaSe; ternary (GaZn)P, (GaZn)Se, Ga(PSe), and Zn(PSe); and
quaternary (GaZn)(PSe). It should be noted that the element of
the precursors will often not necessarily take part in the actual
reaction and thus binary or ternary solid-solutions might occur
in a quaternary system. In particular, any deviation from the
standard stoichiometric ratio of a quaternary solid-solution will
lead to the appearance of binary or ternary compounds. Addi-
tionally, the formation of core—shell structures by phase sepa-
ration has also been observed and reported for the GaP-ZnS
system.2% Therefore, it is crucial in this study to investigate
the constituents of the nanowires along with their spatial dis-
tribution. In order to thoroughly examine the composition of
the GaP—ZnSe nanowires, EDS was carried out locally as well
as in a line-scan and a mapping mode. Figure 2a shows a rep-
resentative GaP-ZnSe nanowire featuring a length of about
1 mm. Figure 2b displays the EDS spectra of ten points along

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

this wire with a spacing =80 pm along. All ten spectra show a
common curve configuration revealing the presence of four ele-
ments (P, Ga, Zn, and Se). As no obvious differences in peak
position and intensity can be identified between the ten spots
along the ultralong GaP-ZnSe nanowire, it is possible to con-
clude that the wires feature a uniform composition consisting
of Zn, Se, Ga, and P, respectively. Typically, the Ga and P peaks
exhibit a higher intensity while the Zn and Se signals appear
slightly weaker. This implies that GaP might be regarded as the
host component while ZnSe acts as a guest in the GaP-ZnSe
solid-solution nanowire. Quantitative analysis on the ten EDS
spectra also concluded that P and Ga elements are predomi-
nant while Zn and Se are the minor components in GaP-ZnSe
solid-solution nanowires and the detailed compositions of the
selected nanowires in different regions are listed in Table S1,
Supporting Information. The solidification of GaP and ZnSe
is also supported by the results of the elemental mapping,
shown in Figure 2c. All the four constituent elements show a
uniform distribution inside the GaP-ZnSe nanowire. At the
same time, their intensity contrast matches well with the peak
intensities of the EDS spectra mentioned above. The absence of
any sharp composition/phase interface suggests a single phase
characteristic of the wire without any phase separation. EDS
line-scan analyses along the radial and axial directions provide
further compositional information of the GaP-ZnSe nanowire
(Figure 2d). Here the radial as well as the axial EDS curves sup-
port that GaP and ZnSe are mutually mixed within a GaP-rich
nanowire. The solubility (x) of ZnSe in the GaP host lattice is
estimated to be in the range of x = 0.182-0.209 for a GaP:ZnSe
ratio which is close to its optimized value of 4:1. Compared to
bulky GaP-ZnSe film system shown in Table 1, the GaP-ZnSe
nanowires reveal a narrow solubility range, which may come

Adv. Funct. Mater. 2015, 25, 2543-2551
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from the dimension and size effect in nanoscale. The solubility
decrease of quaternary solid-solution nanowires has also been
observed in GaP-ZnS system in comparison with its bulky
form.l'% It is important to point out that the atomic ratio of
each element in the GaP-ZnSe solid-solution nanowire slightly
deviates from their initial precursor configuration for the struc-
ture stability of the solid-solution. Table S1, Supporting Infor-
mation lists the actual atomic ratios of P, Ga, Se, Zn in GaP—
ZnSe nanowire at nominal ratio of ZnSe:GaP = 70:30 in initial
precursor setting. From this table and the chemical analysis
using EDS it can be confirmed that the atomic ratio of P and
Ga is close to the standard stoichiometric ratio of GaP, whereas
the Zn:Se ratio in the wire deviates from the ideal value of 1:1.
The resulting solid-solution nanowires are found to contain an
increased amount of Se with respect to the Zn present.

The structure and phase purity of the as-synthesized GaP-
ZnSe nanowires were further investigated by means of X-ray
diffraction (XRD) measurements. All XRD patterns of GaP—
ZnSe nanowires featuring different ZnSe composition ratios
with the exception of the ZnSe sample exhibit a striking simi-
larity in the range of 20°-60° (Figure S1, Supporting Informa-
tion). The diffraction peaks in each pattern can be divided into

(ZnSe)20(GaP)so (ZnSe)40(GaP)eo
(a) (b)

www.afm-journal.de

two categories: the peaks centered at 20 = 26.5°, 42.5°, 44.6°,
and 54.5° can be correlated to hexagonal graphite and cor-
respond to (002), (100), (101), and (004) planes, respectively;
whereas the remaining peaks can be assigned to a zinc-blend-
type cubic structure, which agrees well with the standard XRD
data of a pure GaP phase with a lattice constant of a = 0.545 nm
(see JCPDS No. 65-2883). For the pure GaP as well as the GaP—
ZnSe solid-solution nanowire samples, no impurity-related or
unknown peaks were observed. This finding emphasizes the
superior phase purity of the as-synthesized nanowires; In con-
trast to this, the XRD pattern of the ZnSe nanowires revealed
some impurity phases, such as hexagonal ZnO. Finally no peak
splitting of the (111) peak was observed, which further pro-
motes the conclusion of the single phase state of the GaP-ZnSe
solid-solution nanowires prepared in this work. If any mixed
GaP or ZnSe phase would exist in the product, the “large”
lattice difference between GaP/ZnSe and GaP-ZnSe solid-
solution would directly allow for identifying the corresponding
peaks within the XRD patterns.

Additional investigations concerning the microstruc-
ture and crystallinity of the GaP-ZnSe solid-solution nano-
wires were conducted by HRTEM. Figure 3a-d shows some

(ZnSe)so(GaP)40 (ZnSe)so(GaP)20
(d)

20d=5.35nm

20d=5.37nm

20d=5.46nm 20d=5.50nm

Figure 3. a-d) Low-magnification TEM images of GaP-ZnSe solid-solution nanowires with different ZnSe nominal ratios; e-h) HRTEM images of
GaP-ZnSe nanowires shown in (a)—(d); i-l) FFT patterns corresponding to the HRTEM images shown in (e)—(h); m—p) lattice distance measurements

of (200) plane based on the HRTEM images shown in (e)—(h).

Adv. Funct. Mater. 2015, 25, 2543-2551
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low-magnification TEM images of GaP-ZnSe solid-solution
nanowires with different ZnSe nominal concentrations
(ZnSe:GaP = 20:80, 40:60, 60:40, and 80:20, respectively).
Clearly, all selected nanowires feature an average diameter of
100-200 nm and no metal catalyst particles were detected at
either end of the nanowires. HRTEM analyses performed on
nanowires, which were randomly selected, demonstrated that
all GaP-ZnSe solid-solution nanowires show good crystallinity
displaying a face-centered-cubic structure. Figure 3e-h shows
the corresponding HRTEM images of the GaP-ZnSe solid-
solution nanowires introduced in Figure 3a—d. It can be noticed
that the alloying of GaP and ZnSe still results in a single crystal
feature exposing no structural defects such as microtwins or
stacking faults. Most importantly, no evidence of any phase
separation was found as no crystalline boundaries of any het-
erostructure were observed during the investigation. Further
support for the single crystal as well as solid-solution character
of the wires is obtained by studying the fast Fourier transform
(FFT) of the HRTEM images given in Figure 3e-h, which show
no indication of any overlapping or splitting of the diffrac-
tion spots. To precisely calculate the lattice expansion due to
solidification, the HRTEM images obtained from experimental
observation are first carefully simulated under different sample
thickness and defocus values (Figure S2, Supporting Informa-
tion) and then the planar distances of the (200) lattice plane
were measured for all GaP-ZnSe solid-solution nanowires fea-
turing a solubility of x = 0.182-0.209. In order to reduce the
effect of any potential compositional deviation, the distance of
20 atomic layers in the (200) plane was evaluated using Gatan
Digitalmicrograph software, as illustrated in Figure 3e. The
corresponding distances are directly shown in Figure 3m—p by
measuring the peak spacings. This value gradually increases
with an increased amount of ZnSe concentrations in the GaP
host lattice. This finding is also confirmed by XRD measure-
ments, in which the (111) peak shows a slight shift towards
lower angles with increasing ZnSe concentration in the sample
(see Figure S1, Supporting Information). Further calculation
on the XRD data also concluded a slight increase of the lattice
constant (the (100) planar distance) of GaP-ZnSe solid-solution
nanowires as a dependence of ZnSe concentration increase
(Table S2, Supporting Information).

The codoping of cation and anion ions in a quaternary solid-
solution nanowires system increases the complexity of crystal-
lization and the opportunities for potential inhomogeneities in
composition. Compared to the linear change of lattice expan-
sion with respect to ZnSe concentration, which was reported
for bulky GaP-ZnSel*?4 solid-solution films, the lattice varia-
tion in our GaP-ZnSe solid-solution nanowires shows a more
complex behavior. The reason behind the deviation from a
simple linear trend is found in the random nature of the incor-
poration of Zn and Se atoms into the GaP host lattice. Addition-
ally, the atomic ratio of Zn:Se in the GaP host appears not to be
confined to the ideal stoichiometric ratio of 1:1. Compositional
analysis of randomly selected GaP-ZnSe solid-solution nano-
wires utilizing EDS showed a significantly higher concentra-
tion of Se compared to Zn. Furthermore, impurities of small
clusters that cannot be identified by EDS measurement may
also be incorporated locally into the quaternary solid-solution
lattice matrix and, in turn, lead to a nonlinear variation of

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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lattice constants, as observed in the GaAs-ZnSe system.[') On
the other hand, the lattice parameters are also closely related
to the dimension of the material and will slightly change due
to internal stresses and surface tension.?8! When the critical
dimension of a material falls into the range of 2-500 nm, sig-
nificant and complex changes in its lattice parameters will
occur. In this context a decrease of crystal size typically leads
to an increase in lattice parameters due to internal stresses.
Surface tension on the other hand tends to decrease the lattice
parameters of nanoscale material. As a result, any nanostruc-
ture experiences a combination of both effects on its structure.
The arguments presented above give reason to assume that the
evolution of lattice parameters in a quaternary solid-solution
nanostructure will deviate from the behavior observed in any
binary or ternary solid-solution, in which the lattice constants
show linearity monotonic expansion or shrinking as a depend-
ence of the dopant concentration. In particular, they show that
the nonlinearity of the (200) plane spacing with respect to the
ZnSe concentration found in this study seems plausible.[%2°]

2.2. X-Ray Photoelectron Spectroscopy (XPS) Characterization

The chemical compatibility of anodic and cationic elements
has been regarded as a key issue in the formation of quater-
nary solid-solution nanowires. The addition of a binary com-
pound into a binary host compound will undoubtedly alter
the local chemical bonds in its lattice and, in turn, render
bonding between anodic and cationic ions more complicated
due to the difference in chemical valances. As a result, the elec-
tronic structure near the conduction and valance bands will
be changed.?”! For pure GaP and ZnSe, only Ga—P and Zn-Se
bonds exist, respectively, and all cations (Ga and Zn) are sur-
rounded by anions (P and Se). With ZnSe doped into a GaP
lattice, the random substitutions of Zn and Se to the Ga and
P sites will destroy the initial chemical equilibrium and all the
atoms will be forced to reorganize to regain a stable configu-
ration. In this case, the four elements surround each other in
some disordered distribution in the solid-solution nanowires.
Consequently, this situation will lead to the formation of new
chemical bonds such as Ga—Se and Zn-P. In this study we used
XPS to study the bonding configurations of GaP, ZnSe and
GaP-ZnSe solid-solution nanowires. Figure 4 shows the XPS
spectra of Ga 3d, P 2p, Zn 2p, and Se 3d bonds inside pure
GaP, ZnSe, and GaP-ZnSe solid-solution nanowires, respec-
tively. The peak centered at 19.9 eV in Figure 4a corresponds
to Ga-P and Ga-Se bonds, whereas the P 2p peak centered at
128.7 eV (Figure 4b, 1) can be divided into two separated bands
and implies the existence of Ga-P and Zn-P bonds.?% Simi-
larly, Zn—Se and Zn-P bonds can be observed with the charac-
teristic Zn 2p peak energies centered at 1024.3 eV (Zn 2pl/2)
and 1047.8 eV (Zn 2p3/2), respectively (Figure 4c). Figure 4d
shows the characteristic XPS peak of Se 3d with a peak energy
centered at 54.2 eVBU in pure ZnSe and GaP-ZnSe solid solu-
tion nanowires. The appearance of the new Ga—Se and Zn-P
chemical bonds suggests that Ga element is chemically bonded
with neighboring P and Se elements (Figure 4a) whereas P ele-
ment links to Zn and Ga elements to form Ga-P and Zn-P
bonds (Figure 4b, 1) after solid-solution. Compared with pure

Adv. Funct. Mater. 2015, 25, 2543-2551
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Second, the alloying of GaP and ZnSe will
also theoretically allow for continuous band-
gap engineering in the range of 2.27-2.7 eV.
This implies the potential to tailor the emis-
sion and absorption wavelength of the GaP-
2 ZnSe nanowires in the visible range of
460-550 nm. Such a visible band recom-
mends these nanowires for an abundance
of technologically important applications

such as LED, solar-cell, and others. Previous
study on the bulk GaP-ZnSe film*! have

(a) Ga 3d (b) P2p
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demonstrated the possibility of band-gap
tailoring through the tuning of solubility. In
addition, the electrical transport, photo-
luminescent wavelength, resistivity and
Hall coefficient of GaP-ZnSe solid-solution
2 could also be selectively projected.?*261 To
assess the optical luminescence of GaP-
ZnSe nanowires in correlation to their ZnSe
concentration, room-temperature CL was
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Figure 4. a,b) XPS spectra of Ga 3d and P 2p for GaP and as-prepared GaP-ZnSe solid-solution that
nanowires; c,d) XPS spectra of Zn 2p and Se 3d for ZnSe and as-prepared GaP-ZnSe solid-

solution nanowires.

GaP and ZnSe compounds, the binding energy of Ga-P and
Zn-Se bonds is obviously shifted after the alloying of GaP and
ZnSe. For example, the binding energies of anions character-
ized by Ga 3d (Figure 4a) and Zn 2p (Figure 4c) exhibit an
increasing tendency after forming solid-solution, whereas the
binding energies of cations calibrated with P 2p (Figure 4b, 1)
and Se 3d (Figure 4d, 1) moved to the lower energy side. In
addition, except for the Ga—P, Ga—Se, Zn-Se, and Zn-P bonds,
some P-P (Figure 4D, 2) and P-Se (Figure 4d, 2) bonds centered
at 130.9 and 57.3 eV are also observed in GaP—ZnSe solid-solu-
tion nanowires.’? The formation of these P-P and P-Se bonds
implies the local enrichment of P atoms in the solid-solution
nanowires. It should be mentioned that the solid-solution pro-
cess of GaP and ZnSe is rather complicated and the substitu-
tions of cations and anions are not strictly complied with the
standard stoichiometric ratio for the sake of structural stability
in crystallography and the harmony in electronic structure.

2.3. Cathodoluminescence (CL) and Band-Gap Engineering

GaP represents one of the key compound semiconductors and
it features an indirect band-gap of 2.27 eV, which corresponds
to an intrinsic emission at 550 nm. Due to its promising appli-
cations in electrical and optoelectronic devices, it attracted sig-
nificant research interest. ZnSe on the other hand possesses a
direct band gap of 2.7 eV and emits photons at 460 nm. Having
both to form a solid-solution obviously holds a number of
advantages and represents an attractive option for applications
in optoelectronics. First, the incorporation of ZnSe into a GaP
host lattice can induce the indirect-to-direct band transition of
GaP and thus enhance its photon emission and absorption;
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used to characterize all the GaP-ZnSe nano-
wires. Figure 5a shows the normalized CL
spectra recorded from GaP-ZnSe nanowires
feature initial precursor composi-
tions of (GaP)gog(ZnSe)qy, (GaP)yo(ZnSe)s,
(GaP)so(ZnSe)sp,  (GaP)3o(ZnSe)y,,  and
(GaP),o(ZnSe)gy, while their actual (Zn,Se)
concentrations are 0.182, 0.185, 0.197, 0.205, and 0.209, respec-
tively. It can be observed that the emission wavelength of
these GaP-ZnSe nanowires shifts from 550 to 650 nm as their
(Zn,Se) concentration increases from 0.182 to 0.209, thereby
covering the red to yellow region in the visible band. It should
be noted that the emission bands correspond to the near-band-
edgel?” emissions of the GaP-ZnSe nanowires since some
energy levels behind the conduction band or above the valance
band of GaP will be formed due to the alloying of GaP and
ZnSe. Aside from the peak emissions, some shoulders in the
range of 600-700 nm can be observed, which can be assigned
to some structural point defect or local impurities incorporated
in the GaP-ZnSe lattice.?l Figure 5b shows the band-gap of
the GaP-ZnSe nanowires in correlation to their (Zn,Se) con-
centration. It decreases monotonically from 2.20 to 1.95 eV in
the solubility range of ZnSe (x = 0.189-0.209). Surprisingly,
all band-gaps (or wavelength) measured in the context of this
study exceed the theoretical interval of 2.27-2.7 eV offered by
GaP and ZnSe and, additionally, show monotonic decrease.
Typically, the introduction of a wide band-gap semiconductor
material into a narrow band-gap host will result in a band-gap
expansion with respect to the host in binary and ternary solid-
solutions.!l Apparently this is not the case for the quaternary
solid-solution studied here. As mentioned above, the formation
of a quaternary solid-solution involves simultaneous doping
of cations and anions. Consequently, the introduction of these
dopants will result in a change of the electronic structures of
the valance and conduction band of the host material. Theoret-
ical calculations already predicted a shrinking of the band-gap
in the GaP-ZnS system due to a reconstruction of the four ele-
ments (S, Zn, P, and Ga). This reconstruction leads to a reduc-
tion of the conduction band minimum due to an interaction of

58 60

“
G
F
F
>
v
m
~

wileyonlinelibrary.com 2549



-
™
s
[
-l
wd
=
™

2550  wileyonlinelibrary.com

Makies

www.MaterialsViews.com

220} (b) =@~=(GaP), (zn,Se),

to a decomposition of the solid-solution and
an onset of phase separation.[#2034 Likewise,
a large mismatch in lattice between the host
material and the dopant compound can also
result in poor solubility.

3. Conclusion

In summary, quaternary GaP-ZnSe solid-
solution nanowires with superior crystal-
linity have been obtained by means of a
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Figure 5. a) Normalized CL spectra of GaP-ZnSe solid-solution nanowires featuring different
ZnSe nominal compositions and b) band gap of GaP-ZnSe solid-solution nanowires in cor-

relation to the actual ZnSe ratio.

Ga and S. In this case a minimum band-gap as low as 1.4 eV
has been predicted for the GaP-ZnS solid-solution.?’! This pre-
diction is based on the assumption that all Zn atoms are bonded
to their nearest P neighbors. A similar shrinking of the band-
gap was also observed in the GaN-ZnO solid-solution system.
The introduction of ZnO into a GaN lattice host will cause a
shift of the absorption edge from the UV to the visible range,
making GaN-ZnO solid-solution as an efficient photocatalyst
to split water into H, and 0,.33 In contrast to these examples,
Pan et al. reported the band-gap engineering in an overall range
in ternary and quaternary solid-solution nanostructures.[*622
For example, the band-gap of CdS;_, Se, ternary solid-solution
can be selectively tailored from 1.74 to 2.42 eV through con-
tinuous substitution of CdSe with CdS. Correspondingly, the
wavelength of CdS,_, Se, solid-solution nanowires can be tuned
in the range of 505-710 nm. Similar band-gap tuning can
also be achieved in quaternary ZnCdSSe solid-solution nano-
wires, in which a broad band-gap modulation in the range of
1.77-3.26 eV can be obtained. In this work, the findings based
on the CL emissions of the GaP-ZnSe solid-solution nanowires
agrees well with the reports concerning the bulky GaP-ZnSe
solid-solution film mentioned above, which show a band-gap
narrowing for introducing small amounts of ZnSe into the GaP
lattice (ZnSe < 50%). It is also believed that the reorganization
of the constituting elements during the formation of the qua-
ternary solid-solution nanowires is responsible for the peculiar
band-gap evolution.*622]

The results presented above all illustrate that the as-synthe-
sized GaP-ZnSe solid-solution nanowires only possess a solu-
bility within a finite range, whereas the bulk GaP-ZnSe solid-
solution appears completely miscible.'”! Despite all efforts that
have been made it was unfortunately not possible to achieve
a wider solubility range as the total percentage of Zn and Se
inside the GaP-ZnSe nanowires seems limited to a range
between 20% and 30%. We already reported this lower solu-
bility for the GaP-ZnS nanowires in a previous work;?% other
examples for similar findings in the quaternary solid-solution
systems of GaP-ZnSe and GaP-ZnS have been described by
Tamotsu Uragaki.l?%l A sharp increase of formation energy with
increasing dopants concentration was observed. This finally led

180 185 190 195 200 205
(Zn,Se) ratio (mol%)
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well-designed CVD method that features
two independent reaction channels for pre-
cursor transportation. The nanowires show
a preferential solubility in the range of
x = 0.182-0.209. In this context an increase
of the ZnSe ratio of the initial precursors led
to a corresponding solubility broadening in
the GaP host lattice. An introduction of ZnSe into the GaP host
resulted also in an expansion of the lattice of the solid-solution
nanowires due to the larger lattice constant of ZnSe compared
with the one of GaP. The successful alloying of GaP and ZnSe in
the solid-solution nanowires was verified by various techniques
including HRTEM and EDS. The uniform spatial distribu-
tion of each ingredient element inside the nanowire was con-
firmed by EDS. Room-temperature CL measurements showed
that a controlled tailoring of the concentration of ZnSe allowed
for a defined continuous optical emissions in the range of
550-650 nm implying a consecutive band-gap engineering from
1.95 to 2.20 eV. However, the solidification of the nanowires
studied here displayed an abnormal shrinking of the band-gap
with increasing ZnSe content. The successful synthesis of qua-
ternary GaP-ZnSe nanowires with controllable band-gaps rein-
forces our assertion on the boundary conditions for a controlled
formation of pseudobinary solid-solutions and offers further
opportunities in optoelectronic nanodevice fabrication.

4. Experimental Section

Synthesis of GaP-ZnSe Nanowire: The GaP-ZnSe quaternary solid-
solution nanowires were synthesized by a multichannel CVD route
in a conventional horizontal electrical resistance furnace. Typically,
a larger quartz tube containing two inner mini-tubes was used as the
reactor and was placed into the heating zone of a horizontal three-
zone tube furnace. High purity GaP (Aladdin Industrial Corporation,
99.99%) and ZnSe (Alfa Aesar A Johnson Matthey Company, 99.999%)
powders mixed with Zn (Sinopharm Chemical Reagent Co., Ltd, AR)
and Se powders (Shanghai Xingmei Chemical Co., Ltd, 99.95%) were
introduced to the two mini-tubes as the precursors of each constituent
element, respectively. In an optimized experiment, the GaP powder was
placed at the central temperature zone of the tube furnace whereas
the ZnSe powder was placed at the upstream temperature zone, as
schematically illustrated in Figure S3, Supporting Information. Graphite
substrates featuring diameters of 35 mm were positioned downstream
for the deposition of GaP-ZnSe solid-solution nanostructures. Prior to
the high temperature reaction, the quartz tube reactor was flushed with
high purity Ar gas for 30 min to remove the residual oxygen. Following
this step, the three zones of the tube furnace were heated up to 1373,
1373, and 1073 K, respectively, within 110 min, and the reaction was
maintained at these temperatures for 1 h at a fixed Ar gas flow rate of
50 sccm until the reaction was finished.
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Structural and Compositional Analyses: The morphology of the
as-prepared nanowires was characterized by a Zeiss Supra 55 scanning
electron microscopy (SEM) operating at 20 KV. The microstructure and
composition of the samples were studied and analyzed by using a Tecnai
G2 F20 high-resolution field emission transmission electron microscopy
in combination with an X-ray EDS. The phase purity of GaP-ZnSe
nanowires was identified by means of an X-ray powder diffractometer
(XRD, Rigaku RINT 2000) based on Cu K radiation. XPS measurements
were carried out utilizing an ESCALAB250 spectrometer using Al Ko
(hv =1486.6 eV) with a spot size of 500 pm.

Optical Property Measurement: The CL spectra of GaP-ZnSe
nanowires were measured in an ultrahigh vacuum scanning electron
microscopy (UHV-SEM) combined with a Gemini electron gun
(Omicron, Germany). For the work presented here, the applied voltage
and beam current were set to 5 kV and 1000 pA, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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