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 ABSTRACT 
We have recently demonstrated that GaAs nanosheets can be grown by 
metal-organic chemical vapor deposition (MOCVD). Here, we investigate these
nanosheets by secondary electron scanning electron microscopy (SE-SEM) and 
electron beam induced current (EBIC) imaging. An abrupt boundary is observed
between an initial growth region and an overgrowth region in the nanosheets.
The SE-SEM contrast between these two regions is attributed to the inversion
of doping at the boundary. EBIC mapping reveals a p–n junction formed along 
the boundary between these two regions. Rectifying I–V behavior is observed 
across the boundary further indicating the formation of a p–n junction. The 
electron concentration (ND) of the initial growth region is around 11,018 cm–3, 
as determined by both Hall effect measurements and low temperature 
photoluminescence (PL) spectroscopy. Based on the EBIC data, the minority
carrier diffusion length of the nanosheets is 177 nm, which is substantially longer
than the corresponding length in unpassivated GaAs nanowires measured
previously. 

 
 

1 Introduction 

Semiconducting nanowires have drawn a lot of 
attention due to their high surface area, long aspect 
ratios, and potential applications in solar cells [1–5], 
batteries [6, 7], and light emitting diodes [8, 9]. Both 
core–shell and axial p–n junction nanowires have 
been synthesized by controlling dopant flow rates and 
growth temperatures [1, 2, 5, 10–12]. In Au-catalyzed 

GaAs nanowires grown by the vapor–solid–liquid 
(VLS) method, Au impurities have been shown to act 
as recombination centers for free carries, which is 
detrimental for most device applications [13]. Selective 
area growth, metal-organic chemical vapor deposition 
(SAG MOCVD) provides a catalyst-free method for 
growing GaAs nanowires, thus eliminating problems 
associated with Au impurities. GaAs nanowires can 
even be grown on silicon substrates using the SAG 
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MOCVD method [14, 15]. This is particularly interesting 
for the possible integration of GaAs with Si-based 
electronics. However, a high density of twin stacking 
faults is observed in nanowires grown using this 
method.  

In the work presented here, we investigate GaAs 
nanosheets grown by the SAG MOCVD method, 
which do not exhibit twin stacking faults. Secondary 
electron scanning electron microscopy (SE-SEM) is 
used to observe the structure, morphology, and 
boundary between initial- and over-growth regions. 
The carrier concentration of the initial growth region 
is determined by low temperature photoluminescence 
(PL) and Hall effect measurements. The nature of the 
interface between these two regions is explored based 
on current–voltage (I–V) characteristics and electron 
beam induced current (EBIC) mapping across the 
boundary.  

GaAs nanosheets were synthesized by the SAG 
MOCVD method, in which trimethylgallium (TMGa), 
arsine, and disilane were used as precursors for Ga, 
As, and Si deposition, respectively [14]. GaAs nanosheets 
were grown vertically along the (111)B direction on 
GaAs substrates. A plasma-enhanced chemical vapor 
deposition (CVD) grown silicon nitride layer was used 
as a mask for the SAG growth. A Raith electron beam 
lithography (EBL) system was used to pattern 100 nm 
wide and 5 m long slits. CF4 reactive ion etching was 
used to etch these patterns in the underlying silicon 
nitride layer. Although CF4 RIE may modify the surface 
chemistry, it does not affect the nanosheet growth. The 
nanosheets were grown at 790 °C with partial pressures 
of 2.39  10–6 atm, 3.74  10–7 atm, and 7.14  10–12 atm 
for arsine, TMGa, and disilane, respectively. Note that 
the V/III ratio (6.38) here is significantly lower than our 
previous nanowire growth condition of 127 [14]. Using 
a higher V/III ratio enhances the effect of twinning, as 
reported by Ikejiri et al.  [16]. While this twinning is 
required for good nanowire growth, it results in poorly 
defined nanosheet morphologies, and, thus, was not 
used here [17, 18]. Using these conditions, nanosheets 
were grown with very uniform cross-section along the 
(111) direction and formed two self-terminated inclines, 
as shown in Fig. 1(a). We refer to the triangle formed 
with two bottom angles of 19° and 35° as the initial 
growth. Once the initial growth region self-terminated, 

additional growth started from the apex of the initial 
growth region, as shown in Fig. 1(b). This is referred 
to as the overgrowth region. Interestingly, multiple 
triangles were formed with further overgrowth and 
twin lines are observed between these triangles, as 
shown in Fig. 1(c). The general mechanism underlying 
this initial/overgrowth growth process is illustrated 
in Figs. 1(d)–1(f). In the initial growth region, growth 
takes place along the (111)B crystalline direction, 
while in the overgrowth region, it is along the (111)A 
direction. It is well-established that growth along the 
(111)A direction is difficult and does not produce good 
nanowire morphologies, unlike the (111)B orientation 
[19, 20]. In the characterization described below, we 
show that this (111)A grown material is unintentionally 
p-type doped, and, thus, forms a pn-junction with 
initial n-type growth region. When the initial growth 
region is terminated, a twin boundary (i.e., stacking 
fault) is formed, which enables subsequent growth 
along the (111)B plane forming another self-terminating 
triangular structure similar to that of the initial growth 
region. This results in the alternating bright and dark 
domain patterns in Fig. 1(c). More details of this growth 
process are given in our previous publication [17]. 

In the secondary electron (SE) SEM image shown 
in Fig. 1(b), the initial growth region appears darker 
than the overgrowth region. Subsequent overgrowth 
regions, shown in Fig. 1(c), show several bright and 
dark regions. This type of SE-SEM contrast imaging 
has been used previously to characterize composition 
and doping of nanostructures [21–25]. Since the 
secondary electrons have low kinetic energy, the SE 
signal is very sensitive to slight changes in the surface 
potential, such that a positive potential hinders 
emission of secondary electrons and a negative voltage 
promotes emission. The abrupt change in SE-SEM 
contrast at the boundary between the initial and 
overgrowth regions indicates that the doping changes 
abruptly from n-type to p-type at the terminated 
inclines. The built-in potential associated with the 
pn-junction applies an effective negative potential to 
the p-type overgrowth region making it appear brighter. 
Throughout the growth process, a constant partial 
pressure of disilane was used to intentionally dope 
the GaAs n-type. Si is a known amphoteric dopant in 
GaAs that can switch between donor and acceptor 
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depending on the growth facet [26, 27]. However, we 
can rule this out as a possible cause of the switching 
in doping on the basis that the same initial/overgrowth 
boundary (i.e., change in SE-SEM contrast) was also 
observed in non-intentionally doped nanosheets in 
the absence of silane. Instead, we believe that residual 
carbon impurities from the TMGa are responsible for 
the doping inversion in the overgrowth region [28]. 

Low temperature photoluminescence spectroscopy 
and Hall effect measurements were used to determine 
the carrier concentration of the initial grown region. 
In order to minimize thermal broadening in the PL 
measurement, liquid nitrogen was used to cool the 
sample down to 77 K and resolve the effective optical 
band gap of the doped GaAs nanosheets. First, 
undoped and n-doped commercial GaAs wafers with 

known carrier concentrations were measured to serve 
as a reference. The sharp PL spectrum in Fig. 2(a) 
corresponds to a free exciton transition in the undoped 
GaAs wafer. The PL spectrum of the n-doped GaAs 
wafer with carrier concentration of around 1  1018 cm–3 
is blueshifted by 37 meV, due to the finite band filling 
of the conduction band [29]. The additional PL emission 
observed at longer wavelengths is attributed to band 
acceptor transitions from carbon impurity bands near 
the valence band edge. The broad linewidth of the PL 
spectrum of the n-doped wafer is attributed to the 
relatively short carrier lifetimes caused by dopant 
impurities. The PL linewidth of the n-type nanosheet is 
narrower than the commercial doped wafer, indicating 
high crystal quality. The PL peak of the n-doped 
nanosheet is blueshifted by 43 meV, corresponding  

 
Figure 1 Secondary electron (SE) SEM image of GaAs nanosheets grown on GaAs substrate with a nitride layer as a selected area
growth mask. Nanosheets in the status of just-terminated (a), beginning of overgrowth (b), and further overgrowth (c). (d)–(f) Schematic 
diagrams illustrating the initial/overgrowth mechanism. 
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to a carrier concentration of 1.2  1018 cm–3 based 
previous reports [29]. The symmetric lineshapes of the 
PL spectra observed in the nanowires measured here 
are attributed to the short minority carrier lifetimes 
due to surface recombination and/or dopant impurities. 
In addition, Hall effect measurements were used to 
determine the carrier concentration of the nanosheets 
from the same growth. Figure 2(b) shows the Hall 
voltage (VH) plotted as a function of applied current 
(I) through the nanosheet under various applied 
magnetic fields (B). From this data, we estimate a 
carrier concentration (n = ND) of 9.3  1017 cm–3 from 
the equation VH = –IB/ned, where d = 150 nm is the 
thickness of the nanosheet.  

Because of the small size of the overgrowth region, 
neither PL spectroscopy nor Hall effect measurements 
could be performed on this region of the nanosheets. 
Instead, we deposited multiple electrodes to probe 
the I–V characteristics within the same region and 

 

Figure 2 (a) Photoluminescence spectra of GaAs nanosheet (NS) 
and commercial wafers at 77 K. The carrier concentration of 
1.2  1018 cm–3 is estimated. (b) Hall voltage as a function of applied 
current in the nanosheet. Carrier concentration is 9.3  1017 cm–3. 

across the interface between initial and overgrowth 
regions, as shown in Fig. 3. In order to obtain ohmic 
contacts, diluted hydrochloric acid (HCl:H2O/1:1) was 
used to etch the oxide layer for 20 s before metal 
deposition. For n-type GaAs, GeAu/Ni/Au with 
thicknesses of 100/30/100 nm were deposited, followed 
by rapid thermal annealing in forming gas at 375 °C 
for 20 s. In the SEM image of Fig. 3(a), a clear boundary 
appears between the initial growth and overgrowth 
regions, indicated by the dashed lines. A rectifying 
I–V curve was obtained while measuring across the 
boundary between electrodes 1 and 2, further indicating 
the existence of a pn-junction at the boundary interface. 
A semi-log plot of this data is given in Fig. S1 (in the 
Electronic Supplementary Material (ESM)), showing 
that the current is exponential with voltage. 

 

Figure 3 (a) SE SEM image of a GaAs nanosheet contacted 
with four metal electrodes. The dashed lines indicate the boundary 
between initial- and over-growth regions (electrodes 1 and 2).  
(b) Rectifying I–V curve measured across the boundary. The inset 
shows linear I–V behavior between electrodes 2 and 3 within the 
initial growth region. 
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EBIC measurements were also performed on these 
nanosheets in order to verify the presence of these 
p–n junctions. Here, two metal electrodes were 
patterned at the two ends of the nanosheet, as shown 
in Fig. 4(a). This SEM image was taken with a JEOL 
JSM-6610 microscope with a tungsten filament that is 
not able to resolve the contrast difference between 
these two regions, as shown above in Figs. 1 and 3, 
which were taken on a Hitachi S-4800 field emission 
scanning electron microscope. We observe uniform 
EBIC signals along the boundaries between the initial 
and overgrowth regions, indicating charge separation 
due to the built-in potential at the junction. The dark 
and bright contrasts represent positive and negative 
EBIC currents, corresponding to the positive and 
negative electrodes. We plot the EBIC profiles as a 
function of position across the boundary for three 
different nanosheets in Fig. 4(c). The profiles reveal 
the depletion width (space charge area) plus the 
minority carrier diffusion length. This diffusion length 
can also be obtained from the metal–semiconductor 
Schottky contact, as plotted in Fig. 4(d). The minority 

carrier diffusion length, Ldiff = 177 nm, was determined 
by fitting the profile with an exponentially decaying 
function. A semi-log plot of this data is given in Fig. S2 
(in the ESM). A clear exponential dependence can be 
seen for locations beyond 50 nm from the metal contact 
or pn-interface indicating accurate extraction of the 
minority carrier diffusion length. This value of 177 nm 
is comparable to the minority carrier diffusion lengths 
previously measured in AlxGa1–xAs-surface passivated 
GaAs nanowires (180 nm), but is substantially larger 
than unpassivated GaAs nanowires (30 nm) [14].  

We have simulated the EBIC measurement of the 
nanosheet structure in 2D by Synopsys Sentaurus 
using a drift-diffusion model. The simulated structure 
is illustrated in Fig. 5(a), consisting of n- and p-type 
regions. We use the estimated doping profiles ND = 
NA = 1018 cm–3 in the simulation. The mobility (μ) and 
recombination life time (τ) are chosen to be 125 cm2/(V·s) 
and 0.1 ns, respectively for both electrons and holes, 
which give a minority carrier diffusion length of 
Ldiff = 170 nm, similar to the experimental observation. 
The Schottky contacts are assumed to be pinned     

 
Figure 4 (a) and (b) Correlated SEM and EBIC images of a GaAs nanosheet. (c) EBIC profiles across the inclined boundary of three 
different nanosheets. (d) EBIC profiles across the boundary (solid squares) and metal–nanosheet Schottky contact. 
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Figure 5 (a) Simulated structure and (b) EBIC map of a 
nanosheet. 

at the midgap. In this simulation, the electron beam   
is mimicked by a 10 nm diameter circle with an 
electron–hole pair generation rate of 1022 cm–3·s–1 
sweeping throughout the simulation area with a step 
resolution of 5 nm. This results in relatively small 
currents on the order of 50 fA. However, this choice 
of electron–hole pair generation rate is somewhat 
arbitrary, since the spatial features in the EBIC maps 
are independent of the current magnitude. Figure 5(b) 
shows the simulated EBIC image. The color bar shows 
the EBIC current collected by Schottky contacts, where 
the sign is chosen so that a positive current goes from 
the left contact to the right. The simulation result 
recovers all the features produced in the experimentally 
measured EBIC profiles shown in Fig. 4(b). 

The p–n junction presented in this study was formed 
spontaneously during the MOCVD growth process 
without changing any external parameters. Since the 
growth rate and dopant incorporation rate may be 
different from the initial growth, it is not surprising  

that these two growth regions exhibit different dopant 
types. One enabling factor of this doping inversion 
could be the low V/III ratio (6.38) used in this study. 
Since the As helps remove residual carbon from the 
TMGa, a lower V/III ratio will increase carbon doping 
in the system. The only other dopant in the system is 
Si (silane). However, when we varied the silane con-
centration, we observed a stark contrast between the 
initial and overgrowth regions. Therefore, we believe 
that the carbon background doping is dominant in 
the overgrowth region, thus making it p-type doped. 
Another possible mechanism is surface state-induced 
doping, which is notoriously pronounced in GaAs, 
and includes oxygen defects [30], Ga/As dangling 
bonds [31–33], and AsGa antisite defects [34, 35]. These 
surface states have been reported to have surface 
density of states lying at various energy positions in 
the band gap. Further studies will be needed to 
establish the detailed doping mechanism. 

In summary, we observe a sharp boundary in 
MOCVD grown GaAs nanosheets in SE-SEM images 
between the initial growth and overgrowth regions. 
EBIC mapping reveals a pn junction formed along the 
boundary between these two regions. Low temperature 
photoluminescence spectroscopy and Hall effect 
measurements are used to determine the carrier con-
centration of the initial growth region in the nanosheets 
to be 1  1018 cm–3. Rectifying I–V behavior is observed 
across the boundary further indicating the formation 
of a pn junction. Based on EBIC mapping, we observe 
a minority carrier diffusion length of 177 nm, which 
is substantially longer than the corresponding length 
in unpassivated GaAs nanowires measured previously.  
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Figure S1 Semi-log plot of the I–V characteristics taken across the boundary between the initial- and over-growth regions (electrodes 
1 and 2) shown in Fig. 3. The clear linear dependence in this semi-log plot indicates exponential behavior up to 2 V. 
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Figure S2 Semi-log plot of the EBIC profiles taken across the (a) pn-junction boundary between the initial- and over-growth regions 
and (b) across the Schottky contact shown in Fig. 4 in the manuscript. 

The clear linear dependence in this semi-log plot beyond 50 nm from the metal contact or pn-interface 
indicates exponential behavior, and thus allows accurate extraction of the minority carrier diffusion length. The 
deviation from exponential behavior around the zero position can be caused by the finite size of the charge 
separation region and/or effective beam size in the EBIC measurements. The EBIC profile for sample NS_2 
shows a change in the linear slope at a position of 0.2 µm, indicating that the MCDL changes within the 
nanosheet. In these EBIC measurements, an acceleration voltage of 5 kV was used with a probe current of 0.3 nA. 
Typical EBIC currents were on the order of 10 nA. 




