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Abstract Growth of high quality III-V compound nanowires using simple chemical vapor deposition
method with safe, inexpensive precursors is extremely important for a wide range of applications from
solar cells, detectors, to light emitting devices. However, the most-often used deposition approach using
compound powers suffers from incongruent sublimation of group III and V elements, leading to premature
exhaust of group V elements and eventually to defective, non-stoichiometric nanowires with poor electronic
and optical properties. In this paper, we report new results of our efforts in resolving these challenges using
as an example the growth of GaP nanowires, an important widegap semiconductor. Our results reveal fas-
cinating roles played by the elemental P source in addition to GaP powder such as restoration of chemical
balance, inhabit of the incongruent sublimation of GaP, and the growth of highly stoichiometric GaP NWs
with high optical quality and maximized band edge emission. The effects of growth parameters such as
growth time, orientations of silicon substrate, growth temperature, and precursor combinations are studied
and correlated to stoichiometry of NWs, and to the existence and degree of deep defect states and band
edge emission. Our study sheds new light onto the important interplays among all these important factors.
Our strategy is not only important for the growth of GaP nanowires on silicon but also for other III-V

compounds as well using CVD and inexpensive compound powder sources.

1 Introduction

Semiconductor nanowires of group III-V and II-VI
compounds and their alloys have been studied exten-
sively for a wide variety of photonic applications over
the last two decades [1-4]. As an important III-V com-
pound, Gallium Phosphide (GaP) nanowires (NWs)
have attracted a great deal of attention among III-V
materials, especially due to its role as an alloy partner
with InP or GaAs for a wide array of optoelectronic
device applications [5-7] such as light emitting diodes
(LEDs) [8], solar cells [9], photoelectrochemical cells
[10], etc. GaP NWs have been synthesized using various
methods such as laser ablation [11], metal organic vapor
phase epitaxy (MOVPE) [12], Molecular beam epitaxy
(MBE) [13] surfactant-free solution-liquid—solid (SLS)
synthetic method. [14] However, the growth of oxide-
free Ga-compounds such as GaP NWs via vapor phase
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transport method [7,15-18] has shown to be difficult,
mostly due to formation of stable oxide species such as
Gay03, and GaPO, that are thermodynamically easy
to incorporate into GaP NWs, resulting in poor opti-
cal quality. [15] For applications where the low cost is
more important such as solar cells, the simple chem-
ical vapor deposition (CVD) with low-cost precursor
materials such as GaP power is preferred. However, the
effect of large difference in sublimation rates of group
IIT and V elements are known to be a key issue for the
growth of III-V materials such as InSb [19,20], GaSb
[21], InP [22,23], GaAs [24,25], GaP [26,27], InAs [28] ,
etc. Such incongruent sublimation leads to stoichiomet-
rically imbalance in the final compounds. One of the
important issues is the lack of pressure-temperature—
composition (P-T-X) equilibrium phase diagram for
a sealed system with simultaneous presence of vapor,
liquid and solid phases. [29,30] Therefore, it is quite
a challenge to find an ideal growth condition to main-
tain stoichiometric growth using binary GaP precur-
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sor. In another word, the whole 3D phase space must
be explored to determine suitable (P, T, X) values to
grow stoichiometric NWs. The vacancies and interstitial
atoms associated with non-stoichiometry have severe
adverse effects on the optical and electrical the prop-
erties [30-33]: for example, small deviations from sto-
ichiometry in GaP can have strong impacts on lumi-
nescent efficiency [34,35]. Few study exists in literature
on the effects of deviation from stoichiometry on opti-
cal properties of GaP. Also, there is a lack of system-
atic study of parametric dependent growth and under-
standing of non-stoichiometry. In binary semiconduc-
tors such as GaP, deviation from stoichiometry can
cause vacancies (Vga, Vp), antisites (Pga, Gap) and
self-interstitials (P;, Ga;), leading to the degradation
of optical quality and device performance [36]. Forma-
tion of such point defects in bulk GaP has been studied
from both computational and experimental points of
view [38—41]. Presence of such defect-related deep lev-
els near the band edge has been previously reported in
other direct bandgap ZnO [42] and ZnSe [43] NWs using
their photoluminescence (PL) characteristics, but there
have been few reports [44,45] on PL study of defect-
induced emission in GaP NWs. In this paper, we present
results of our systematic study of a low-cost vapor phase
CVD technique for the growth of GaP NWs based on
vapor—liquid-solid (VLS). The main objective of this
paper is to study the effects of growth conditions, sub-
strates and precursors on stoichiometry of GaP NWs
and to establish a link between stoichiometry to the
intensity ratio of band edge emission to defect emission.
Our study involved systematic materials growth exper-
iments under various conditions and the correspond-
ing optical and material characterizations. Such study
allows the establishment of a growth strategy for pro-
ducing high quality GaP NWs based on a simple, inex-
pensive approach. Our systematic growth studies show
that elemental phosphorous is necessary in addition to
binary GaP precursor to replenish P deficiency and to
produce highly stoichiometric NWs. In particular, we
examine the growth conditions to produce maximized
BE to DE intensity ratio, both as an important require-
ment for many photonic applications, and as a direct
and simple indication of stoichiometry and crystal qual-
ity of grown NWs.

2 Experimental details

2.1 Sample synthesis

Our growth experiment was carried out in a horizon-
tal low-pressure CVD setup. Schematic illustration of
growth set up and procedure is provided in Support-
ing Information (Fig. S1). GaP NWs were grown on
Si substrates coated with a nominal Au thickness of ~
1-10 nm as the catalyst for VLS growth, via sputter
deposition at room temperature. The Au-coated sub-
strate was placed at downstream side of a single zone
furnace where temperature ranges from 720 to 800 °C.
Growth at lower temperatures than 720°C is shown
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to have high oxygen content in NWs (Fig. S2). As the
source materials, ball milled high purity GaP (99.999%
Alfa Aesar), Gallium metal and red Phosphorous pow-
der (> 99.99% Sigma Aldrich) were used. Ar + 5% Hy
with flow rate of 40-45 scem (standard cubic centime-
ter per minute) was used as carrier gas and the pres-
sure of the reactor was kept constant around ~ 5 Torr
using a mechanical pump attached to the capacitance
manometers. Prior to growth, the ball-milled GaP pow-
der was placed in the middle of the furnace where tem-
perature is maximum. A magnetic manipulator was uti-
lized to position the red phosphorous, upstream from
the GaP precursor, outside of the furnace heating zone
(see Fig. S1). In different experiments, Ga source was
also placed in a separate boat upstream of the GaP
boat. The system was purged for 1 h under 300 sccm
flow rate of carrier gas to purge excessive oxygen, CO,
and water molecules inside the furnace tube. After the
furnace reached the target temperature of 1000 °C with
a ramp up rate of 42 °C/min, the red phosphorus boat
was pushed inside the furnace using a magnetic manip-
ulator where the temperature was 400-450 °C. After a
certain period of growth time (7 to 45 min) the sys-
tem was naturally cooled down to room temperature.
To study the effects of various precursors, experiments
were carried out with pure GaP, GaP with P, and GaP
with Ga as the source materials.

2.2 Material characterization

The morphology of the as grown samples was stud-
ied using a field emission scanning electron micro-
scope (FE-SEM, XL-30). Elemental composition of
NWs was determined by energy dispersive X-ray spec-
troscopy (EDS). High resolution transmission electron
microscopy (HRTEM) images of NWs were obtained
using an aberration-corrected Titan 300/80 (FEI) micro-
scope at operating voltage of 300 keV. To investigate
the optical properties of the NWs, photoluminescence
(PL) measurements were performed at room tempera-
ture using an Nd: YLF laser (Spectra Physics, A = 349
nm, repetition rate of 10 Hz, pulse width of 5 ns) as the
excitation source. X-ray Diffraction (XRD, PANalytical
X’Pert PRO MRD, Cu Ka, wavelength A = 1.5405 A)
was also used to determine the crystal phase structure
of the NWs. To further evaluate the long-range order
crystallinity, the Raman measurement was carried out
using a 150 mW Coherent Sapphire single frequency
laser with a wavelength of 532 nm. Details are presented
in SI.

3 Results and discussion

3.1 Growth of stoichiometric GaP nanowires:
effects of source materials

Our choice of source materials is guided by simplic-
ity, safety, low cost, and most importantly the ability
to lead to high quality material. One of the greatest
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advantages of the low-cost CVD approach is to be able
to use the same compound powder as source material
to grow NWs of the same material. As presented in SI,
our growth experiments using pure GaP source lead to
GaP NWs with a poor stoichiometry, due to a much
higher sublimation of P than Ga atoms and premature
exhaustion of P. Initially such high P sublimation rate
leads to excess P in gas phase and in the final grown
NWs. But during the later stage of growth, the reduced
availability of P in the source boat leads to less avail-
ability of P and eventually the deficiency of P in the
grown NWs for longer time growth, as shown in Fig.
S3. The EDS measurement after 45 min of growth left
the source with a P to Ga ratio of ~ 11 to 59, with 29%
of oxygen incorporation. To have a complete picture of
the effects of source materials, we tried to introduce
Ga in addition to GaP as source material. The EDS
analysis after 15 min of growth was shown in Fig. S4a
and b. The addition of Ga apparently exacerbated the
incongruent sublimation of Ga and P. The source boat
P to Ga ratio was even more asymmetric in favoring
a faster P sublimation. Interestingly, the NWs have a
higher P (Ga/P = 47.14/52.86) after the first 15 min
growth due to the enhanced P availability in the initial
stage of growth.

To understand the situation, we consider the differ-
ence in partial vapor pressures of Ga and P above GaP
boat and how it relates to the chemical potential differ-
ence (Ap) between vapor and solid phases. It is known
for many III-V compounds including GaP that above
the congruent sublimation temperature (T¢s = 571 °C
for GaP ), GaP loses phosphorous from the surface,
preferentially over Ga. [46] For the sublimed GaP, the
phosphorous dimers (P3) and tetramers (P,) are the
common molecular compounds that have higher equi-
librium partial pressure than that of the Ga element,
above the Ts. [27,47] The issue of stoichiometric asym-
metry also existed in the conventional thin film growth
of III-V compounds. The effect of maintaining a P-
rich environment during MOVPE and MBE growth of
GaP thin films has been widely explored . [48-52] The
incorporation of impurities such as Ga and P lattice
vacancies is known to result in surface imperfection on
epitaxially grown GaP films. Providing excess phospho-
rus precursor flow is necessary in surface reconstruction
of GaP which usually occurs due to thermal decompo-
sition of GaP and subsequent Ga, and P desorption.
Leys et al. have demonstrated the effect of P-rich envi-
ronment in enhancing the stoichiometry of the surface
during growth and enabling smooth epitaxial GaP lay-
ers. [53] In addition, on the supercritical fluid-liquid—
solid (SFLS) synthesis of GaP NWs, Davidson et al.
have shown the necessity for excess phosphorous source
to achieve a balanced stoichiometry [54]. While these
studies are important in addressing the issue of different
vapor pressures of group III and V elements in conven-
tional thin film growth, as we mentioned earlier, our
preference for the use of GaP power in the low cost
growth of nanowires in a simple CVD necessitate an
independent study of this issue reported here.
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In general, there are two ways to prevent the
non-stoichiometric sublimation of group III and V
species. One way is to determine the sublimation
phase diagram in P—T space to maintain GaP source
boat always under congruent conditions. This requires
numerous experiments under different P—T combina-
tions to determine such phase diagram and becomes
impractical. Additionally, the likely required low sub-
limation rate would lead to extremely slow growth of
NWs and become impractical for many low-cost appli-
cations. Our goal is to find an alternative to maintain
a highly positive chemical potential for P in gas phase
above source boat, since the chemical potential of P in
gas phase is normally very low when pure GaP is used.
Since the growth process occurs under the constant car-
rier gas flow rate, total pressure of growth chamber and
evaporation temperature are kept constant, thus the
system is thermodynamically under quasi-equilibrium
condition. The condition during the sublimation pro-
cess under constant temperature and pressure is written
as follows:

GaP (solid) quasi—guilibrivm o, (liquid/gas)+ 1 P (gas).

(1)

The sublimation reaction can be explained by different
levels of chemical potential [55,56] obtained at various
growth conditions. Let u§ be the chemical potential of
species i (P or Ga) in phase j. Hence, Au = pg’ —ub
is the difference in chemical potential of P in the gas
and solid phase. The Ay for the growth using pure GaP
source compared with excess P source condition is given
by;

Pure GaP;
GaP and P;

[y > g or Ap <0, (2)
,uf > uf or Ap > 0. (3)

Therefore, by increasing the partial vapor pressure of
phosphorous in the growth system by providing an
additional P source the Ap becomes a positive term,
leading to the inhibited sublimation of P from the GaP
source.

Experiments were performed to verify the above
understanding with an additional elemental P added to
the GaP precursor to replenish the deficiency of P after
the initial phase of growth. Indeed, our examination of
source boat and grown NWs after a 15-min growth in
the presence of additional elemental P shows a more
congruent sublimation. Figure S4c,d show highly sto-
ichiometric NWs and remaining GaP in the boat in
contrast to the growth with pure GaP source or with
GaP and Ga source. More importantly, this approach
also led to very congruent sublimation of GaP from the
source boat and a stoichiometric GaP NWs for long
time growth, as shown in Fig. 1c for a 45 min growth.
A top view of representative SEM image of GaP NWs
grown at 800 °C for 45 min using both red-P and GaP
source materials on a Si (100) substrate is shown in
Fig. la. Inset (right) of Fig. 1lc shows a GaP NW dis-
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Counts (a. u.)

Fig. 1 Side views of SEM micrograph of GaP NWs grown
on Si (111) (a) and Si (100) (b) substrate after 15 min of
growth; ¢ shows the top view of SEM image after 45 min
of growth on a larger scale with insets showing a real color
image of as grown sample (top left) and an enlarged view

persed on a glass with a uniform body and slight neck-
ing near the Au tip. The top left inset of Fig. 1c shows
a photograph of the whole substrate under room light-
ing (yellow color), showing the large-scale uniformity
over the substrate of 10 by 15 mm in size. The energy-
dispersive X-ray spectroscopy (EDS) analysis (Fig. 1d)
on the body of GaP NWs grown using GaP+P source
shows the Ga:P atomic ratio to be 1.00:1.02, with only
~ 2% deviation from stoichiometry. A high magnifi-
cation SEM image of the corresponding NW shows
its faceted morphology (inset of Fig. 1d). Our exten-
sive growth experiments established that the combined
GaP and P source material combination is ideal for the
growth of high quality and high stoichiometric GaP
NWs. In the following, our study will be focused on
the growth with the combined source materials of GaP
and P.

@ Springer

(d) Elements | Wt% At%
P K 31.56 | 50.93
GaK 68.44 | 49.07
Gala
P Ka
200 400 600 800 1000 1200 1400 16.00
Energy (keV)

of a single NW with Au tip, dispersed on glass (right); d
A typical EDS spectrum of individual wires for the growth
time of 45 min with weight and atomic compositions shown
in the inset table, indicating high stoichiometric symmetry
for a faceted NW with Au catalyst shown in the inset

3.2 Structural characterization

In order to study the crystal structure of GaP NWs
grown using GaP+P source, XRD measurements with
X-ray source of Cu Ka were carried out. For both
samples grown on Si (100) and Si (111) three main
diffraction peaks were observed at 26 values of 28.37°,
47.24°, and 55.79°corresponding to (111), (220), and
(311) crystallographic planes of zinc blende (ZB) GaP,
respectively (Fig. 2a). From normalized XRD spectra
both samples show a sharp (111) peak, where the GaP
NWs grown on Si (111) show a more dominate peak
along [111] direction.

Furthermore, we have further examined the crystal
quality of GaP NWs using Raman spectroscopy (see
SI for measurement details) in which the Raman shift
related to the inelastic scattering reveals the informa-
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Fig. 2 a XRD and b Raman spectra of GaP NWs grown
on Si (100) and (111) substrates using GaP+P source. The
first-order TO (365cm™') and LO (402cm™') are down-
shifted compared to the bulk GaP with (111) orientation by

tion of the crystal structures [57]. The Raman scatter-
ing spectra of the GaP NWs are presented in Fig. 2b
at room temperature for two different samples grown
on Si (111) and Si (100). Two phonon modes, the
transverse optical (TO) and longitudinal optical (LO)
phonon modes appear at around 365 and 402cm™!,
respectively. These values are in good agreement with
the reported bulk values for GaP [58] and the numbers
obtained for single crystal GaP wafers (Table S1).
The FWHM of TO mode is 6.04 and 5.98cm~! for
GaP NWs grown on Si (100) and Si (111), respec-
tively. Similarly, the linewidth for LO mode is 4.39
and 4.01cm™', respectively. For comparison, we also
measured the linewidth of single crystal GaP wafer
and obtained FWHM of 7.88cm™! for TO mode and
5.29cm~! for LO mode. These Raman linewidths indi-
cate a very good crystal quality for NWs and slightly
better crystallinity for the sample grown on Si (111).
The slight downshift of both TO and LO modes might
be because of an excess of phosphorus (as interstitial or
antisites) in the GaP resulting in slight lattice distor-
tion [59,60]. The TO/LO intensity ratio for NWs grown
on Si (100) and Si (111) is 1.55 and 1.48, respectively. It
is known that TO/LO intensity ratio is directly corre-
lated with the concentration of defects [61]. This slight
difference is presumably due to different concentration
of intrinsic point defects in two samples. For the single
crystal GaP wafer this ratio is below 1 which is indica-
tive of smaller concentration of defects. The shoulder on
the LO peak of GaP for both samples is related to sur-
face optical (SO) phonons due to existence of a surface
or an interface of amorphous surface oxide in core-shell
GaP NWs [62]. The SO modes in NWs appear due to
extremely large surface of GaP NWs compared to bulk
GaP [63-66] which is not observed for GaP bulk as
shown in Fig. S6. The absence of SO mode for wafer
indicated that the physics behind Raman scattering of
one-dimensional nanostructures such as NWs can be
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2 and 1cm ™!, respectively. Presence of surface optical (SO)
modes is attributed to the surface scattered phonons due to
extremely large surface of GaP NWs or amorphous oxide
layer

different from that of bulk which is due to the fact that
Raman features in NWs are angular dependent due to
their highly anisotropic shape [67].

The bright-field (BF) TEM images of a typical VLS-
grown GaP NW grown on Si (111) substrate for 15 min
is shown in Fig. 3a. Formation of segments of different
contrast (Fig. 3a, ¢) is attributed to coherent twinning
segments, also called twining superlattice (TSL), with
different rotational twins. HRTEM of an individual NW
showed a high density of stacking faults (SF) and twin-
ning defects (Fig. 3b). The ABCABC stacking of atomic
planes are also indicative of cubic ZB structure. Shown
in the right side of Fig. 3b are the selected-area elec-
tron diffraction (SAED) pattern taken from two adja-
cent segments separated with a thin multiatomic layer
of microtwins (MTs) making a rotation angle of 141°
when viewed from < 110 > zone axis (Fig. 3e). From
the interplanar spacing between parallel lattice fringes,
the lattice constant is calculated to be 0.314 nm which
corresponds well to the (111) interlayer spacing of bulk
7ZB GaP, thus confirming < 111> as the growth direc-
tion. The indexed double-spot superimposed pattern
obtained by fast Fourier transform (FFT) shown in
Fig. 3d corresponds to SAED pattern of ZB twinning
sections of GaP NWs. Both patterns have a twofold
symmetry along < 110 > zone axis that have a rota-
tion of ~ 70° (or 110°) with respect to each other. For-
mation of such quasiperiodic twinning segments within
entire body of NW corresponds to intermittent rota-
tional twins introduced by SFs along < 111 > growth
direction. Presence of an amorphous layer outside of
both NW body and Au-Ga—P alloy droplet is due to
existence of Ga—P-O compounds such as GaPO4 and
Gag O3 that are formed in ambient environment prior
to transferring of the NWs onto TEM grid (Fig. 3f).

The exact mechanism of formation of rotated twins is
not yet fully understood. However, their dependence on
growth temperature, diameter of NW and dopants has
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20 nm

Fig. 3 TEM study of GaP NWs grown under P rich con-
dition. a Bright field TEM image taken from the NW of
50 nm diameter with evident TSL onset showing transi-
tion from single-crystal growth to coherent twinning growth.
b high-resolution (HRTEM) image of quasiperiodic TSL
along [110] zone axis with ABCABC stacking, for each seg-
ment, attributed to the normal ZB planar sequence with
< 111 > growth direction. The associated FFT images are
taken from two adjacent segments and twin boundary, in
which the diffraction spots correspond to the (111) planes
perpendicular to the growth direction. ¢ Formation of pla-

been studied [68,69]. It has been reported that peri-
odic array of twin boundaries forming a superlattice
can result in formation of minibands due to periodic
electron scattering [70].

3.3 Optical characterization
Photoluminescence study was performed using an
Nd:YLF UV-laser (349 nm) as the excitation source

to study the optical properties of NWs. Room tem-
perature PL spectra of as-grown GaP NWs showed
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Segment |

Superimposed SAED

nar defects such as SFs and twin-planes within entire body
of a GaP NW with the observed smallest diameter of 20
nm. d Indexed double spot FFT pattern (two superim-
posed pattern) along [110] zone axis pattern. Inset with
some white arrows represents some of the spots diffracted
from the TSL. e HRTEM image of twin segments with SFs
and MT's formed at the boundaries. f Amorphous layer out-
side of both NW body and Au—Ga-P alloy droplet is due
to formation of Ga—P—-O compounds such as GaPO4 and
GaQOg

(see Fig. 4) that there are two dominant characteris-
tics peaks; a narrow band edge (BE) emission at 556
nm attributed to the transition of indirect bandgap,
I'y-to-X¢e, and a broad band peak at 690-720 nm,
typically seen in GaP and attributed to deep defect
related recombination. To examine the emission fea-
tures of NWs, we performed pump-power dependent PL
measurements, as shown in Fig. 4b. As we see there,
the relative emission intensities change with decrease
in defect emission (DE) and increase in BE, consistent
with the assignment of 690-720 nm range as the DE
band. Due to the smaller density of states in DE band,
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Fig. 4 Photoluminescence (PL) of GaP NWs grown at
800°C on Si (111) for 45 min with Au thickness of 1-1.5
nm. a Comparison of normalized PL spectra at pumping
energy of 493 nJ for NWs grown using pure GaP source

the DE band is quickly filled up with the increase in
pumping, resulting more population of BE states. To
relate the material quality with relative BE-DE inten-
sities, we compared PL from sample grown using pure
GaP source and that grown using the combined GaP
and P sources, as shown in Fig. 4a. It is clear that
the less stoichiometric NWs grown in the former case
show much stronger DE emission than the stoichiomet-
ric NWs of latter case. This further validates our pro-
posed approach of using a combined GaP and P sources
as precursors for the growth of high quality NWs. Pres-
ence of such native defect was also observed in PL spec-
trum obtained from single-crystal GaP wafer, despite
their high crystal quality (Fig. S8) which will be shown
later in comparison with the as our grown NW sam-
ples. The integrated BE to DE (IBE/IDE) ratio to is
the more precise way to gauge how much the BE pre-
dominates over DE and will be examined more in the
following. The IBE/IDE ratio shows a ~ 3 fold increase
for growth with additional P (from 0.37 with pure GaP
source to 1.13 with GaP and P sources). This com-
parison shows that the P-deficiency contributes signifi-
cantly to the DE. Quantitatively, the threefold increase
of IBE/IDE ratio corresponds to an improvement of
stoichiometry of about 5.5% (from 6.15% to 0.66%). In
order to establish a correlation between the stoichiome-
try and IBE/IDE intensity ratio we have measured the
PL for GaP NW samples grown under various exper-
imental conditions including two different orientations
of Si substrate, growth temperature, growth time, etc
and the results are summarized in Fig. 5 and in Table
S2.

The comparison of IBE to EDE ratio (IBE/IDE) for
9 different samples shown in Fig. 5 is based measure-
ment of PL on as-grown samples at the equal pumping
energy of 493 nJ. First the Lorentzian fitting was per-
formed for both BE (in the range of 460-650 nm) and
DE (in the wavelength range of 550-850 nm), respec-
tively. As measure of stoichiometry, P/Ga ratio was

Intensity (a.u.)
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500 600 700 800 900

Wavelength (nm)

and under excess P condition; b PL spectra for GaP NWs
at various pumping levels showing increasing BE emission
relative to defect emission with increased pumping

obtained from EDS results of all samples, transferred
via contact printing [71] from the original substrates
onto fresh quartz substrate (Table S2). To measure uni-
formity, 6 NWs were measured from each of 9 samples,
as presented by 6 data points along each horizontal line
in Fig. 5. Since PL measurement was performed on as-
grown samples with a micron-size resolution, all 6 SEM
measurements from a given sample corresponds to a sin-
gle IBE/IDE ratio. In Fig. 5, 9 samples are divided into
3 groups based on growth temperature and time. A few
observations can be made from Fig. 5: First, NWs with
high stoichiometric symmetry (P/Ga~ 1) shows higher
IBE/IDE ratio. The best examples are samples 6 and 7,
showing the highest IBE/IDE ratio of larger than 2.5.
Second, samples grown for shorter time (15 min, sam-
ples 6 and 7) have higher IBE/IDE ratio than longer
time (45 min, samples 1 and 2) under the same growth
conditions. This is likely due to the fact that smaller
wires grown for shorter time are less likely to incorpo-
rate into defects. It is also interesting to note that there
is no apparent difference in stoichiometry between the
two groups of wires. Therefore, the additional defects
incorporated into samples 1 and 2 are likely to be stoi-
chiometric. Third, NWs grown with thinner layer of Au
are more stoichiometric and have stronger BE (higher
IBE/IDE ratio), as can be clearly seen by comparing
samples 1 through 5, as Au is increased from 1-1.5
nm, 2-3 nm, to 6-9 nm. Another observation is that
there is little difference between substrate orientations
(Si (100) vs. Si (111)) in terms of stoichiometry or
IBE/IDE ratio. We also observe that in general, higher
growth temperature leads to better stoichiometry and
better BE. The ideal growth window of temperature is
in the range of 720-800 °C. Within the ideal temper-
ature window, higher temperature does not necessarily
lead to better material quality. An example is provided
by comparing sample 9 grown at 720 °C with sample 2
grown at 800 °C, where lower temperature gives higher
IBE/IDE ratio. It is also worth noting that there is a
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Fig. 5 Relationship between IBE/IDE ratio and stoi-
chiometry and IBE/IDE for various GaP samples grown
under different conditions. Deviation from stoichiometry
(P/Ga = 1) is determined from EDS analysis of single
NWs/spots. The IBE/IDE intensity ratios are obtained
based on integration of Lorentzian fitting of PL spectra
(under identical PL pumping energy of 493 nJ) within iden-
tical range of 460-650 nm for BE and 550-850 nm for DE
peaks, respectively. Samples are divided into three groups
based on the growth conditions (dashed boxes). The num-
bers in the parentheses in front of data set indicate the sam-
ples numbers used in SI Table S2. The black numbers with
unit of nm indicates the thickness of Au catalyst before the
growth. All samples were grown using GaP + P as recipe
except sample 8, which was grown using GaP only

change of DE central wavelength from 690 nm at 720°C
to 718 nm at 800 °C (see Table S2 and Fig. S7). Another
exception to the above observations is sample 8, which
was grown under otherwise the same conditions as sam-
ple 1. The poor stoichiometry and low IBE/IDE ratio
are results of growth with pure GaP source without
additional P, while all other 8 samples were all grown
with GaP+P source materials. This further verifies the
key result of this paper that GaP together with P pro-
vides an ideal source combination. We believe that such
systematic understanding could be utilized to guide the
growth of high quality GaP NWs.

To gain more quantitative information about the
spectroscopic features of NWs, we examined pumping
power dependence of IBE, IDE, IBE/IDE ratio, and
linewidths of BE and DE of two of our samples grown on
Si (100) and Si (111) and compared such features with
those of commercial GaP wafer, as shown in Fig. 6 for
two of our samples (samples 6 and 7 shown in Fig. 5).
The three samples (sample 6, 7 and wafer) were pumped
with pumping energy from 217 nJ to 866 nJ and their
PL spectra are shown in Fig. S8a—c. The details of
Lorentzian fitting are shown in Fig. S8d—f and in Table
S3. For this comparison, it is important to note that the
reflection from NWs samples is very different from the
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flat GaP wafer. The reflectivity of the GaP wafer was
estimated to be R = 51.15% from Fresnel’s equation
for an incident laser light angle of 30°. The pumping
intensity of GaP wafer was therefore scaled by (1-R).
Such difference while affecting an absolute comparison
between the wafer and NW samples, does not affect
the slopes of quantities that we plot on log—log scale in
Fig. 6a—c. First, we notice that the IBE of GaP wafer
shows a strongly super-linear increase (with a scaling
index larger than 2) with pumping, mostly as a result
of increased penetration depth of pumping beam into a
very thick wafer. The IBE from both NW samples shows
a slightly sublinear increase with a scaling index close
to but smaller than 1. The DE for all three samples
shows the same sub-linear increase, as the DE bands
are filled up with increasing pump. The IBE/IDE ratio
reflects mostly the behavior of IBE, since IDE is simi-
lar for all of them. The linewidth comparison shown in
Fig. 6d is more interesting. The linewidths for all DE
bands increase with pumping, while linewidths for BE
of NWs decrease and that for the wafer stays practically
constant. The increase of DE linewidth is a result of
filling of DE states of wider range as pumping increase.
The absence of linewidth increase for wafer is an indica-
tion that there are little shallow defect states as a result
of high quality wafer. The decrease of BE linewidth for
NW samples indicates a saturation of shallow defect
states in NWs with pumping, as the excited carriers
populate increasingly more and more states in the con-
tinuum bands. The larger BE linewidth of NWs than
that of wafer indicates existence of shallow defect states,
most likely related to the surface states and other twin-
ning defects as seen in the HRTEM analysis. Thus,
the linewidth approaches the more intrinsic linewidth
determined by the band structure, as in the case of
wafer.

The DE band observed in PL spectrum is often
attributed to structural defects such as stacking faults,
twins [72, 73], and non-stoichiometric point defects [74,
75], that introduce deep electronic levels within the
band gap. The density functional theory (DFT) calcula-
tion by Hoglund et al. [41] for local density approxima-
tion [76] of native defect states in GaP has shown that
the stable charge states which have neither electrons in
conduction band nor holes in valence band are primarily
vacancies and antisites rather than interstitial species,
mostly due to their relatively lower formation energy
[41,76]. Formation of localized energy levels within the
band gap associated with point defects that combine
to form donor—acceptor pairs seems to be responsible
for electronic transition of 1.7-1.75 eV for GaP NWs.
It is reported in GaP, the intrinsic point defects intro-
duced during the growth under excess P condition, are
predominantly Pg2 and Vj? [41]. However, we have
observed the DE at 690-720 nm (or 1.8-1.72 eV) for
all the samples grown near stoichiometric concentration
using vapor phase method using Ga, GaP + Ga, and
GaP + P sources. Formation of these DE levels could be
attributed to the shallow acceptor level of Vg, (at E.—
1.7 eV) or donor level of Pg, (at E.—~0.6 €V) [75]. The
location of Fermi-level strongly depends on the concen-
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1-1.5 nm Au catalyst) and single crystal GaP under different laser pumping levels. a IBE, b IDE, ¢ IBE/IDE ratio; and

the linewidths of PL peaks (d)

tration of native defects that results in slight variation
in DE peak position.

4 Conclusion

In summary, we presented an Au-catalyzed VLS strat-
egy for the growth of highly stoichiometric GaP NWs
on Si substrates with a simple low-cost CVD method.
It was found that excess phosphorous precursor is nec-
essary to restore the chemical balance in the air above
the precursor boat, to inhibit the incongruent subli-
mation of P and Ga, and to finally lead to high qual-
ity nanowire product. As a result, highly stoichiomet-
ric GaP NWs are grown with less defects and stronger
band edge emission. The sublimation behavior of these
precursors was explained using the concept of chemi-
cal potential. This strategy and the associated under-
standing are established through a systematic growth
study and characterization by comparing three sets of
precursors: pure GaP, GaP + Ga, and GaP+P. From
the structural study of NWs grown under P-rich con-
dition the formation of coherent twin planes or TSLs

as the structural defects in body of VLS-grown NWs
was also noticed. The effect of growth parameters such
as time, type of silicon substrate, growth temperature,
etc., on suppression of DE caused by intrinsic crystal
imperfections was demonstrated. Our comprehensive
growth and characterization study allowed us to relate
the growth conditions and the precursors to stoichiom-
etry of NWs and the latter in turn to the existence and
degree of deep defect states and band edge emission.
Since types and concentration of defects are important
as well as the relative intensity of bandage emission
for optoelectronic devices, it is therefore imperative to
study the crucial roles of growth parameters and con-
ditions and to develop a growth strategy to minimize
defect bands and maximize band edge emission. We
believe that such a growth strategy is not only impor-
tant for GaP, but also for other IIT-V compounds. How-
ever, there are more aspects of such growth yet to be
explored for other ITI-V compounds to eventually opti-
mize material properties and maximize the band edge
emission.

Finally, we would like to make some concluding com-
ments about device applications of the high-quality
GaP, especially GaP nanowires. We have pointed out
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certain device applications in the introduction part. We
emphasize that GaP is closest lattice-matched to Sili-
con and the growth of high quality GaP nanowire on
Si could lead to a wide range of silicon based appli-
cations of GaP such as widegap detectors and silicon
based solar cells. Compared to other semiconductors,
have been used as a photoelectrode for efficient water
reduction and direct conversion of the of solar energy to
fuels [77,78]. With the highest band gap among all semi-
conductors with a refractive index of n > 3 through-
out entire visible range, GaP has great potential for
making advanced visible and infrared photonic devices
requiring high refractive index. [79] In a recent work by
Trofimov, the Si-integrated Perovskite-GaP NW plat-
form has been used to demonstrate visible-light tun-
able microlasers [80]. For photodetection application,
the NWs offer unique advantage due to their geomet-
rical structure that traps light and increases absorp-
tion. The high photosensitivity of NWs is also due
to the large surface-to-volume ratio [81,82]. Having a
wider band gap, GaP in form of NW can be applied
as a suitable platform for making highly efficient pho-
todetectors with a large photoresponses in visible and
UV wavelength ranges [83-85]. This range can fur-
ther be extended to near infrared region by embedding
lower band gap energy materials [86]. We believe that
highly stoichiometric GaP nanowires on Si could lead
to improved devices for all these applications and may
lead to more exploration of new devices in the future.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epjs/s11734-021-00388-3.
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