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Abstract. Growth strategies for achieving highly-doped GaP nanowires are investigated.
Eight nanowire arrays are synthesized under different growth parameters via molecular beam
epitaxy with the use of silicon and beryllium as #- and p- dopants. Electrical conductivity of
individual nanowires from each array is investigated via conductive atomic force microscopy.
The obtained current-voltage characteristics are numerically analyzed, the impact of nanowire
geometry, contact properties and doping on the conductivity is estimated.
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UccnepoBaHue NPoOBOAMMOCTM OAMHOUYHDbIX HUTEBUAHbIX
HaHoKpucTtannoe GaP ¢ noMmou,bi0 aTOMHO-CHMJ/IOBOM
MUKPOCKONMUU U UUCJIEHHOIO MOoae/IMpoBaHUA
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Annoranug. C TIOMOIIBIO TIPOBONSIIEH ATOMHO-CIJIOBOM MUKPOCKOIIUM  TTOJTYUYEeHEI
BOJIbTAMIICPHBIC XaPAKTePUCTUKM ONWHOUYHBIX HUTEBUIHBIX HAHOKPUCTALIOB docduma
rajuiis, JeTMpOBAaHHBIX KPEMHHEM U OepUIMEeM, BBIPALLIEHHBIX METOIOM MOJCKYJISIPHO-
MYYKOBOM 3MUTAKCUU TIPU Pa3IWYHBIX yCa0BUsIX. [TocTpoeHa yncieHHast MOIeb IJIsl pacyeTa
BOJIbTAMIIEPHBIX XapaKTePUCTUK, OLIEHEHO BiausiHUME Ha npoBoauMocTs HHK ux reomerpuu
U JIETUPOBAHMSI, a TakKXKe MOJABUKHOCTM HOCUTEEH 3apsiia U BeaudyuHbl 6apbepa LlloTTku c
30HA0M. Ha ocHOBaHUM MPOBEIEHHOrO aHajlu3a YCTAaHOBJIEHbI PEXHWMBbI POCTa, ONTUMAaJIbHBIE
IIJIsT CUHTEe3a BBICOKOJIeTUpOoBaHHBIX n- M p- HHK dochnma rammms.
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Introduction

II1-V semiconductor nanowires are promising as components of optoelectronic devices.
In particular, gallium phosphide nanowires are prospective as nanophotonic waveguides and
components of flexible light emitting diodes [1]. Despite the extensive worldwide research in
the past decades, the commercial implementation of nanowires is still difficult. Today, doping
control at the nanoscale is considered to be the last fundamental difficulty towards nanowire-
based devices [2, 3]. In this work we investigate the doping control in GaP nanowires grown
via molecular beam epitaxy (MBE) and study Be and Si behavior as dopants. We synthesize
Be- and Si-doped GaP nanowire arrays and investigate the electrical properties of individual
nanowires via complementary experimental and numerical techniques. First, the current-
voltage characteristics (/—V curves) of vertical nanowires are obtained. Then, the doping level
is estimated via numerical modeling of these curves. Importantly, herein we analyze individual
nanowires rather than the averaged response from the whole arrays, providing more insights
about nanoscale phenomena, which in fact determine the performance of macroscale nanowire
array device.

Materials and Methods

Nanowire growth was carried out using Veeco Gen 11l MBE setup equipped with Si, Be and
Ga effusion cells and valved phosphorous cracker cell. The nanowire arrays were synthesized on
highly-doped (111) Si substrates via self-catalyzed vapor-liquid-solid (VLS) growth mechanism
assisted by Ga droplet avoiding the use of foreign metal contamination, and thus providing lower
impurity level and electrically active defects. Formation of GaP nanowires occurs at the pinhole
defects of the silicon surface oxide facilitating the formation of catalytic Ga droplets required for
vertical nanowire growth.

Conductive atomic force microscopy (C-AFM) was utilized to obtain /- V curves of individual
nanowires using NT-MDT NTegra AFM setup and conductive probes with TiN and W2C
coatings. The idea of the method is to use the grounded conductive probe as a top electric contact
to an individual nanowire which is possible due to nanometer scale tip curvature radius and
atomic scale positioning precision [4, 5]. The nanowire coordinates are preliminarily obtained in
AFM scan. Bias voltage is then applied to the growth substrate, and the current passing through
the nanowire is registered.

The numerical modeling was carried out in Silvaco Atlas finite element computational
package, which is designed for semiconductor device simulations, solving Poisson’s equation,
carrier continuity equations and transport equations [6]. The proposed model possesses cylindrical
symmetry, includes a nanowire with two electric contacts (bottom corresponds to GaP/Si
heterobarrier, top to GaP/probe Schottky barrier). The simulation utilizes Klaassen model [7]
describing band-to-band tunneling and Matsuzawa’s Universal Schottky Tunneling model [8§],
describing the thermionic emission at the metal/semiconductor interface and the spatially
distributed tunneling calculated at each semiconductor around the interface.
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Results and Discussion

Eight samples were fabricated. SEM image of each sample as-grown are shown in Fig. 1.
Samples 1—4 (Fig. 1, a—d respectively) were doped with beryllium, while samples 5—8 (Fig. 1, e—h)
were doped with silicon. The growth parameters are summarized in Table. Samples 2, 5 and 8 were
grown in two-stage process, when a low-doped core is grown first, then the P flux is increased
so that the catalytic cap collapses and vertical growth stops. Then the dopant flux is increased
and highly-doped shell is grown. Other samples are grown in a one-step VLS process. Growth
temperatures and V/III ratios are chosen so that the dopant incorporation does not preventing
the nanowire growth.

Table
Growth parameters
Sample 1 2 3 4 5 6 7 8
Dopant Be Be Be Be Si Si Si Si
V/I step 1 12 12 12 20 30 20 12 30
step 2 — 30 - - 12 - - 39
' ow C 640 630 680 640 640 640 610 630

a)

Fig. 1. SEM images of the grown samples. The panels from (a) to (4) correspond to samples
1—8 from Table
All scale bars are 1 um long

Individual nanowire /—V curves of each sample were obtained with C-AFM. The experiment
scheme is presented in Fig. 2, a. Several nanowires were investigated in each array, average
obtained /—V curves are shown in Fig. 2, b. The obtained curves possess low noise level indicating
that tip-nanowire electrical contact is stable. The curves were obtained in dark conditions to avoid
the impact of photogeneration in Si substrate. All curves show rectifying behavior originating
mainly from nanowire/tip Schottky and nanowire/substrate contacts. The curve shape varies
significantly from sample to sample. Samples 1, 2, 5 show near-zero current. The most likely
explanation for this lies in insufficient diameter of nanowires, so that the surface band bending
takes place causing surface depletion which can’t be compensated with moderate doping level.
Sample 3 also shows near-zero current, indicating that the chosen growth temperature lies beyond
the window of Be incorporation, which is in accordance with the literature [9]. Samples 6, 7 show
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Fig. 2. C-AFM I-V curve measurement scheme (@), I—V curves from individual nanowires in each
sample (b)

moderate current indicating that the doping level is high enough to create a conductive channel in
the nanowire core. Samples 4 and 8 demonstrate the highest conductivity, which can be attributed
with higher thickness followed by higher dopant incorporation rate.

Then, the numerical modeling of /—V curves was carried out in Silvaco TCAD. The nanowire
is parametrized with its length /, radius r, doping level, carrier mobility p, and GaP band
parameters. The tip/nanowire contact is parametrized with Schottky barrier height, depending on
probe work function ®. Length / can be well estimated from SEM images while the exact r value
for the studied wires is unknown, because nanowire thickness dispersion within the same array
is pronounced. The accuracy of determining ® and p values is also limited. It is known that p
in nanowires can be several orders of magnitude lower than in bulk due to flat defects. Thus, we
sweep | from 0.1 to 20 cm?/V-s. We also vary ® from 4.5 to 5.2 eV based on the estimated values
of the probe coatings work function.

Fig. 3 shows modeling results for 2 um long p-doped nanowire grown on p-Si substrate,
corresponding to sample 4. The dotted curves correspond to the experimental data. From the
figure it follows that shifting carrier mobility, nanowire thickness or work function within physically
reasonable range changes the current level within one order of magnitude. The curve shape is
mainly governed by the nanowire doping level. 100 nm thick wire is fully depleted if the doping
level is less than 1-10"” cm™. However, increasing N, twice, from 1-10"” to 2-10"” cm™, induces
the increase of forward current by two orders of magnitude. Comparing the modeling results with
the experimental curve from Fig. 2, we estimate the doping level of Sample 4 lies in the range
from 1-10" to 3-10" cm™3.

Fig. 4 shows the modeled /—V curves for 4 um long n-GaP nanowire grown on n-Si substrate.
The dotted curves correspond to the experimental data. The nanowire is considered to have
core/shell structure with low doped core and high doped shell, which corresponds to the case of
Sample 8. The core and shell are supposed to have the same thickness varying from 30 to 50 nm.
The impact of core doping level N on nanowire conductivity is negligible until it is far less
than the doping of the shell. The conductivity is determined by shell doping level N;*". Increasing
Nl from 1-10" to 1-10" cm™ leads to the increase of the forward current more than 2 orders
of magnitude. Assuming r, = r, = 50 nm, p = 20 cm?/V-s and ® = 4.9 eV, the model predicts
the doping level of sample 8 on the order of 3-10'%, a certain degree of discrepancy of modeled
and experimental curves is probably due to more complicated real radial doping distribution and
tip/nanowire contact geometry.

The dominating impact of doping level on nanowire conductivity can be explained via the
balance between nanowire/substrate heterobarrier and nanowire/probe Schottky barrier. The
current depends on the tunneling rate through the barriers, appearing at the high doping levels,
rather than on thermionic emission. It should be noted that the proposed model does not take into
account the nanowire surface states density and, as a consequence, the appearance of surface band
bending on the nanowire side facets causing surface depletion. In fact, the nanowire conductivity
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Fig. 3. Numerical modeling of /—V curves from p-GaP nanowire with varying doping level (a), work
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Fig. 4. Numerical modeling of /—V curves from n-GaP nanowire with varying doping level (a), Work
function (b), carrier mobility (c), radius (d)

is determined by the doping level in conjunction with the nanowire thickness. However, the
modeled samples are thick enough and their doping level is high enough so that the radius of
surface depletion region is negligible, and the proposed doping estimations are valid.

Conclusion

Conductivity of individual MBE-grown Si- and Be- doped gallium phosphide nanowires is
investigated via C-AFM by obtaining /—V curves following by their numerical analysis. The impact
of nanowire geometry, doping level, carrier mobility and contact barrier on the conductivity is
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studied, the dominating role of the doping level is established. From the experiment it follows
that p-GaP nanowires with high conductivity can be synthesized under flux ratio V/III = 20 and
the growth temperature T = 640 °C. The proposed model works well for homogenous Be-doped
nanowire giving the dopmg level on the order of 1-10"” cm™. In case of two-stage core/shell
grown Si-doped nanowires, the model predicts the doping level on the order of 3-10" cm™.
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