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ABSTRACT Using both synchrotron-based photoemission elec-
tron microscopy/spectroscopy and scanning tunneling microscopy/
spectroscopy, we obtain a complete picture of the surface composi-
tion, morphology, and electronic structure of InP nanowires.
Characterization is done at all relevant length scales from micro-
meter to nanometer. We investigate nanowire surfaces with native
oxide and molecular adsorbates resulting from exposure to ambient
air. Atomic hydrogen exposure at elevated temperatures which leads
to the removal of surface oxides while leaving the crystalline part of
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the wire intact was also studied. We show how surface chemical composition will seriously influence nanowire electronic properties. However, opposite to,

for example, Ge nanowires, water or sulfur molecules adsorbed on the exterior oxidized surfaces are of less relevance. Instead, it is the final few atomic

layers of the oxide which plays the most significant role by strongly negatively doping the surface. The InP nanowires in air are rather insensitive to their

chemical surroundings in contrast to what is often assumed for nanowires. Our measurements allow us to draw a complete energy diagram depicting both

band gap and differences in electron affinity across an axial nanowire p-n junction. Our findings thus give a robust set of quantitative values relating

surface chemical composition to specific electronic properties highly relevant for simulating the performance of nanoscale devices.
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he control of semiconductor nano-

wire (NW) electronic properties, via

impurity incorporation during synthe-
sis, has been studied extensively in recent
years.' 3 However, the exact surface chem-
istry and composition and its influence on
electronic properties remains largely unex-
plored with only a few sporadic studies.**
This is especially unfortunate, as not only do
the NWs represent a technologically highly
relevant system®’ but the opportunities for
axial doping also make the direct compar-
ison between differently doped regions on
the nanoscale easily accessible. Chemical
vapor deposition (CVD)-synthesized IlI-V
semiconductor NWs are currently being
explored as key building blocks for high-
efficiency photovoltaics,? light-emitting diodes
(LEDs),® and a variety of electronic devices.®
A central issue is the control over the NW
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surface, that is, its chemistry and morpho-
logy, which can seriously affect device func-
tionality."~'® Surface chemistry and struc-
ture will often induce surface states leading
to band bending reaching far into the NW,
reducing the effect of doping.'* In addition,
any attempt to extract or inject electrons via
contacts to the surface of the NW leads to
questions on the surface electron affinity.
Finally, defects at the surface can act as
electron/hole traps, reducing the efficiency
of most photonic devices, even though posi-
tive effects also have been reported.”® To
understand the influence of the surface, a
complete picture of the surface chemistry,
structure, and composition needs to be di-
rectly correlated with the surface electronic
properties. However, atomically resolved
surface studies on IllI—V NWs have shown
to be an experimental challenge, and very

VOL.6 = NO.11 = 9679-9689 = 2012 ACS\[A

* Address correspondence to
anders.mikkelsen@sljus.lu.se.

Received for review July 11, 2012
and accepted October 12, 2012.

Published online October 13, 2012
10.1021/nn303107g

©2012 American Chemical Society

NS
ANC) | 9679

WL

WWwWW.acsnano.org



few publications have been presented so far.'®"” While
the very significant influence of NW surfaces on doping
has been acknowledged in a number of important
cases via indirect methods,*'""'#72% no studies of NWs
exist where their complete surface composition and
structure have been thoroughly and directly mapped
out. Especially disconcerting is the observation that
on Ge NWs both the native oxide and also water
(invariably) adsorbed on the NWs when they are ex-
posed to the ambient air can seriously influence elec-
tronic properties.” In order to control the influence of
the surface in lll-V electronics, two general concepts
have been to remove the native oxide (formed upon
exposing the semiconductor to air) and replace it with
a passivating chemistry using, for example, ammonium
sulfide ((NH,4),S,), presumably leading to a sulfur pas-
sivation,?’ or using metal organic species in combina-
tion with water to grow a dielectric via atomic layer
deposition.?2 This is reminiscent of the role of SiO, on
Si, which can be chemically engineered to have an
extremely small number of active interface defects.

A central starting point for any systematic investiga-
tion of the influence of the surface chemistry on the
electronic properties is the clean surface without the
native oxide. This is a delicate point, especially for the
compound semiconductors, which often have a lower
melting point than bulk structures, as the removal of
the native oxide can lead to decomposition of the
nanostructure. In the present paper, we have chosen
the InP axial p-n junction NW as our fundamental
system of study, as this constitutes an important com-
ponent for future photovoltaic applications and is
explored to a considerable degree for the possibility
to synthesize an axially doped version of the NWs in a
controlled fashion.2?* Thus, significant knowledge and
interest in this system exists beforehand. Removal of
the surface oxide and other adsorbates on the surface
of bulk InP has been studied to some extent pre-
vioust,24_26 where it has even been indicated that
removal of the oxide using atomic hydrogen and
subsequent careful reoxidation could be a starting
point for a high-quality surface.

In this article, we report on the use of X-ray-induced
secondary electron (SE) imaging to measure charge
carrier concentrations in doped InP NWs composed of
axially stacked n and p-type segments. Core level
photoelectrons were used for imaging with surface
chemical sensitivity as well as for spectroscopy using
high-resolution X-ray photoelectron emission micro-
scopy/spectroscopy (XPEEM/XPS). Low-energy elec-
tron microscopy/mirror electron microscopy (LEEM/
MEM) was used in order to obtain information about
the morphology of the sample quickly. Scanning tun-
neling microscopy/spectroscopy (STM/S) was used
to obtain both structural as well as electronic proper-
ties of the NWs with down to single nanometer pre-
cision. This allows us to finally present a complete
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picture of the NW surfaces both in a clean state and
with native oxide.

RESULTS AND DISCUSSION

We start by evaluating the overall NW chemistry and
effect on band bending with and without a surface
oxide. In Figure 1a, we show XPS phosphorus 2p
spectra recorded for 80 nm thick p-type InP NWs with
the native oxide after prolonged ambient air exposure
and spectra after removal of the native oxide by
annealing in atomic hydrogen. From LEEM and XPEEM
measurements on the NWs, we have observed desorp-
tion of volatile species after electron or photon bom-
bardment. Thus we conclude that moisture-related
species from the air have also been adsorbed on the
NW surfaces. High-resolution XPS spectra were re-
corded using photoelectrons excited with 250 eV
photons, resulting in a very high surface sensitivity.
At around 128 eV in binding energy, we observe the
two spin—orbit 2p components of P bound to In in bulk
InP. The sharp peaks are an indication of the crystalline
nature of the NWs. The broad feature around 133 eV
contains the spin—orbit 2p components of P in the
native oxide. Comparing the two spectra in Figure 13,
we note that the P-related oxides are removed by the
hydrogen treatment already after four cleaning cycles.
The position and 2 eV full width at half-maximum
(fwhm) of the oxide component in the P2p spectra is
indicative of the presence of several P suboxides. The
shift of the oxide peaks compared to bulk InP P2p is
known from previous studies®*?%%’ to be InPO, (ABE =
5.3 eV), InPO; (ABE = 4.7 eV), In(PO3); (ABE = 4.9 eV),
and P,0s (ABE = 6.8 V). Thus, from the position of the
oxide peak at +4.9 and its fwhm of 2 eV, we conclude
that we have a mixture of InP,0, states, but not the
highly shifted P,0Os. From spectra of In3d seen in
Figure 1b, we see that, although the peaks belonging
to oxide and bulk partly overlap, it is clear that the
In—O components have also been mostly removed by
the hydrogen treatment. A quantitative fit of the In3d
spectra indicates that the In oxides are reduced to less
than 10% of their initial amount after one treatment.
The remaining oxide is also in a lower oxidation state
than most of the original native oxide.

Further, we find that the peaks belonging to the InP
have shifted by 0.42 eV after the anneal, as is most
clearly seen in Figure 1a. This shift in binding energy is
associated with a shift of the Fermi level because the
surface band bending is significantly reduced. The
measurements show that the InP oxides pin the Fermi
level close to the conduction band, in agreement with
bulk InP studies.”® This indicates that oxide removal
leads to at least partial removal of the surface band
bending. Below, we can define the actual position
more closely as we determine the bandstructure using
STS. As this oxide-induced band bending is quite
strong, this will affect also the interior of the NW, and
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Figure 1. XPS results from the cleaning of homogenously doped p-type InP NWs. (a) P2p spectra depicting the two spin—orbit
components (around 129 eV) as well as the broad oxide peak (around 134 eV) for uncleaned (blue) and hydrogen-cleaned
(red) NWs. Spectra were obtained using 250 eV photons. The energy shift of the whole spectrum from the oxidized to the
clean surface (AEpinning) is due to the change in the Fermi level as the surface pinning is partially lifted by removal of the oxide.
(b) In3d spectra from the same sample as in (a) showing uncleaned (blue) and cleaned (red) NWs. For this core level, the oxide
and InP components are only separated by 1—2 eV. Still, in the uncleaned (blue) spectrum, the appearance of the strong oxide
peak (indicated by the dark blue line) and the InP-related peak (indicated by the light blue line) can be identified. Spectra were
obtained using 570 eV photons, that is, the same photoelectron kinetic energy as in panel a. (c) Reduction of surface P oxides
(black) and In oxides (red) together with the corresponding change in Fermi level energy (green) is shown vs the number of
cleaning cycles. (d) Zn2ps,, peak from measurements on p-type InP NWs with 80 nm diameter obtained using X-rays with a

photon energy of 1150 eV.

as a result, a significant portion of the uncleaned NWs
will be n-type, as discussed in more detail below. It is
seen that removal of the first layers of oxides and also
different adsorbed species on the surface leads only to
aminor change of the surface pinning. Thus, in contrast
to Ge NWs, where water on the surface has a significant
influence,?® this is not the case for the InP NWs. We
have also tested the influence of ammonium sulfide
wet chemical treatments in the same fashion and
found that again sulfur termination of the surface
results in only a minor release of the pinning of the
surface. Generally, we can conclude that the change
in pinning is mostly correlated with the removal of
phosphorus-dominated oxides closest to the NW. In
Figure 1¢, we summarize the results for the p-type NWs.
With these measurements, it is also possible to obtain a
quantitative measure of the amount of various chemi-
cal species at the surface.” Here we use that the ratio of
the In3d and P2p components originating from the
interior of the NW must be equivalenttoa 1:1 In/P ratio.
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This allows us to make an estimate of the oxide
composition without using the somewhat uncertain
cross sections of the materials. To estimate the oxide
thickness, we use tabulated values for the mean free
path.®> We conclude that the native oxide has a com-
position with a P to In ratio of 1.8, and that the thickness
is around 9—10 atomic layers. Interestingly, the ob-
servation of more P oxides than In oxides is in contrast
to InAs NWs, where we instead have an excess of
indium in the oxides.”> We also investigated n-type
NWs with a diameter of 15 nm (Sn-doped). The native
oxide could again be removed, and a shift of —0.15 eV
in binding energy was observed. This shift indicates
that the band bending induced by the native oxide
results in an even stronger n-type character of the NWs
than the already significant intentional n-doping. The
oxidation states of phosphor in the n-type NWs were
generally lower. While the amount of phosphor in the
oxides was similar between the two types of doped
NWs, the amount of indium in the oxides was roughly
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twice as large for the p-type NWs. These differences
could be attributed to a number of factors such as the
presence of the dopant atoms on the surface or the
different crystal structures for n-type (Wz) and p-type
(Zb). Even without the structural differences, oxidation
might be different for p- and n-type materials as was
observed for Ge NWs* and for planar Si substrates.”® As
a note, we also observed a shift of —0.1 eV for 80 nm
n-type (S-doped) NWs.

The high photon flux from the synchrotron even
allowed for detection of Zn dopant atoms at the sur-
face of the homogenously doped p-type NWs (see
Figure 1d). We obtained a much higher abundance of
Zn in the surface than what was estimated from
electrical measurements of the bulk of the NWs.?? Zn
was observed both for oxide-covered and hydrogen-
cleaned NWs. Using tabulated values for the photo-
ionization cross sections for the In3d and Zn2p peaks,*°
we conclude that a Zn coverage of 0.2 monolayer fits
well with the observed In3d and Zn2p intensities. The
high amount of surface-related Zn should be com-
pared to a previous report by van Weert et al., who
studied similar InP p-n NWs and found that the Zn
dopants existed in the core of the NWs.? Further, it is
interesting to note that Zn dopants in InP have been
observed to desorb from the surface rather than to ac-
cumulate,®" which can be an indicator that the amount
of surface Zn was even higher immediately after
growth. Thus we conclude that, while Zn incorporation
into the NW through the Au particle seed? is possible, a
significant amount of Zn will also be present at the
surface of the NW.

We continue by mapping out the detailed structure
and morphology along the NW using STM. Here we
especially focus on the NWs after hydrogen cleaning,
which we know from XPS to give a surface with
significantly less than 1 monolayer oxide. In Figure 2a,
we present a large-scale STM image depicting an axial
p-n junction InP NW grown from 80 nm Au aerosol
particles (same NWs as presented in ref 29). In the
overview image, the difference in crystal structure of
the bottom n-part and the top p-part is clearly indi-
cated by the change of the NW morphology. On one
part, a periodic corrugation of 20 A in height was ob-
served with a spacing of 200 A (Figure 2b,d), which is
inherent to the twinned Zb structure, often observed in
p-type InP NWs.32 From previous studies including
transmission electron microscopy (TEM) results on id-
entically grown Zn-doped InP NWs, we can identify this
morphology belonging to the p-doped part of the
NW.2° For the n-part (Figure 2c,e), we obtain small
terraces with local height differences in the 5—10 A
range, which we can then assign as the morphology of
the dominating Wz stacking in that part of the NW,
again in perfect agreement with TEM data.?® The
atomic scale surface structure on the NWs appeared
only semiordered. A closer look on the n-part, as shown
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Figure 2. InP p-n junction NW imaged by STM. (a) Large-
scale image of a pn-NW; the red arrow marks the transition
between the n-part (bottom) and the p-part (top) as seen by
a change of NW morphology from Wz to twinned Zb. Please
note that what appears to be a second NW at the left-hand
side is merely an artifact from a double tip. The image has
been differentiated for ease of viewing, Usampie = —3.0 V.
Inset shows the corrugation along the transition. (b) The
p-part of the pn-NW showing the twinned Zb structure,
Usample = —3.0 V. (c) The n-part of the pn-NW with predo-
minantly Wz stacking, Usample = —3.0 V. (d,e) Line profiles
along the p- and n-type parts, respectively.

in Figure 3a, revealed disordered atomic rows extend-
ing perpendicular to the NW growth axis with a row
spacing of 20 A, which is indicative of a reconstruction
of the surface. This is in contrast to our previous
observations of no reconstructions on InAs Wz NW
surfaces.'” Thus, if the surfaces are well-ordered, we
will see this very clearly in our STM. This leads us to
conclude that these Wz InP NW surfaces must to a large
extent be disordered on the atomic scale beyond the
row structure observed on the n-part. The observed
row-like structures on the NWs could be evidence of a
dimerization of the surface as is observed on a number
of lI—V surfaces.*** A similar difference in the behav-
ior is observed by us when comparing the InP(111) and
InAs(111) substrate structures. Here also InP(111) ap-
pears with a semiordered reconstruction (Figure 3d,e),
in comparison to the ordered and unreconstructed
InAs(111) surface.®® The p-part of the NW, which con-
sists of small InP(111) facets with various orientation,
shows a similar semidisordered structure as the InP-
(111)B substrate. In this case, what one is observing is
presumably In or P trimers which cannot form an or-
dered structure that fits with the underlying substrates
and thus forms a semirandom pattern. Such trimers
have been observed on other IlI—V surfaces.>® On a
large InP(111) surface, some longer scale ordering of
these trimers nonetheless is observed; however, on the
very small terraces of the nanowires, no such ordering
can be expected.

To gain a further understanding of the surface
electronic properties, we performed STS on different
axial positions along the pn-NWs after removal of the
surface oxide. Care was taken to position the tip at
areas free of any structural defects, small remaining
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Figure 3. (a) STMimage obtained at the n-part of an InP p-n junction NW depicting a disordered row structure, Usampie = —3.0 V.
(b) Averaged height profile along the NW growth direction (the line marked b in panel a). (c) Height profile perpendicular to
NW growth direction along a disordered row. (d,e) STM images obtained from atomic hydrogen-cleaned InP(111)B substrate,

Usample = —3.0 and —2.4 V for (d) and (e), respectively.

oxide clusters, or step edges on the NW. For comparing
p- and n-type parts of the NWs, we obtained the
spectra far away from the p-n interface in order to
avoid the influence of the depletion region. At each
position, 10—15 individual spectra were averaged. The
STS results, depicting the local density of states (LDOS),
from the cleaned InP(111)B, the n-type part, and the
p-type part as well as from low-doped n-type (Sn) NWs
(n=5 x 10" cm ) are shown in Figure 4. The valence
and conduction band edges were determined by apply-
ing a linear extrapolation at the onset of the differential
conductivity as was done previously by Feenstra and co-
workers.?” For the InP(111)B, we found a band gap of
1.40 eV and that the Fermi level was placed 0.65 eV from
the valence band edge. The size of the band gap is
consistent with the bulk value of 1.35 eV*® at room tem-
perature. The origin of the close to midgap Fermi level is
considered likely to be due to Fermi level pinning in-
duced by this surface being polar and reconstructed.
Close to the conduction band onset, a region with non-
zero conductivity can be seen which we propose is due
to defect-induced acceptor states in the band gap.

HJORT ET AL.

For the n-type part, we observed a band gap of
1.53 eV and a Fermi level position at 0.3 eV below the
conduction band edge (CB). The observed band gap
was slightly larger than what would be expected for Wz
InP, where the band gap at room temperature should
be 1.43 eV.?#39 STS measurements on unpinned semi-
conductor surfaces typically result in an enlarged band
gap due to the effect of tip-induced band bending.*%*’
In order to quantitatively explain the observed devia-
tion of the band gap, we simulated the effects of tip-
induced band bending using the method of Feenstra
et al.** Using reasonable model assumptions,*® tip-
induced band bending would result in an even slightly
larger value for the band gap than 1.53 eV. Therefore,
the measured band gap can be explained by a combi-
nation of tip-induced band bending and the presence
of a small amount of surface states.

The Fermi level position at 0.3 eV below CB s, in a flat
band situation, an indicator of a bulk charge carrier
concentration of 1.5 x 10'® cm™3, orders of magnitude
lower than what was estimated from gate-dependent
measurements (5 x 10'® cm ™). This discrepancy in the
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Figure 4. (dI/dV)/ (I/V) spectra depicting the local density of
states, obtained at the cleaned InP(111)B, n-type part of the
pn-NW, p-type part of the pn-NW, and from low-doped
n-type InP NW used as reference. The valence and conduc-
tion band edges were determined from linear extrapola-
tions, indicated by the dotted orange lines, and are marked
by E, and E, respectively. The Fermi level can be found at 0 V
sample bias (dashed green line). D marks defect-induced
acceptor states. The markers in the top depict the placement
of E, and E, for the n-part (n), p-part (p), and substrate (s).

position of the Fermi level with respect to the CB
cannot be explained by tip-induced band bending as
no reasonable parameters in the simulation change
this value appreciably. The Fermi level could be pinned
in position by, for example, steps which are unavoid-
able on NWs due to their hexagonal shape. We there-
fore repeated the experiment on low-doped n-type
(Sn) NWs with a diameter of 80 nm which showed the
same crystal structure. They showed similar band gap
values as the n-type parts in the pn-NWs, but with the
exception that the Fermi level was placed closer to the
middle of the band gap (0.50 eV below CB) as would be
expected for InP with lower donor concentration. From
the measured band gap and position of the CB onset,
we can conclude (1) that the n-type part of the clean
surface is not completely Fermi level pinned but (2)
that we are also not in a complete flat band situation as
would be the case for ordinary clean Zb InP(110)
surfaces. The observed partial pinning can well be
explained by surface states induced by a reconstruc-
tion of the clean surface as indicated by the STM
images presented above.
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Figure 5. Axial evolution of the STS in the n-type part of the
pn-NW along 250 nm. (a) STS data presented as a contour
plot. Each column depicts tunneling spectra similar to those
presented in Figure 4, where the increase in (dI/dV) / (I/V)
amplitude is shown by the contours, with countour lines
every 0.2 au. Each column is averaged over 10—15 spectra
obtained with 7 nm distance along the pn-NW. The energy
range slightly below and above the CB edge is colored
yellow and blue, respectively. (b) Height profile along the
NW obtained by STM. Positions at the NW where a signifi-
cant density of states slightly below the CB edge (yellow
range in panel a) is observed are also yellow colored in (b),
while positions showing the lowest states slightly above the
CB edge (blue in panel a) are blue colored in (b). A correla-
tion to the surface roughness can be seen.

For the p-type part, a band gap of 1.32 eV was found
and a Fermi level position at 0.76 eV from the valence
band edge (VB). While the 1.32 eV band gap fits rather
well with the band gap of Zb InP at room temperature,
we note that taking tip-induced band bending into
account this value is too low. This indicates that the
surface band structure is indeed strongly influenced
by surface states, presumably even more than the flat
InP(111)B surface which shows a slightly larger band
gap. Thus, it is no surprise that the midgap Fermi level
observed is much different to the close to VB position
that would be expected for a p-type material. The
observed position of the Fermi level is completely
dominated by surface states pinning the Fermi level.
Thus we conclude that even the clean Zb part of the
NW is strongly pinned at the surface, even more than
the flat InP(111)B surface. This is not unexpected since
the twinned Zb morphology in NWs is terminated by
{111}A- and {111}B-type facets which are polar and
thus expected to undergo reconstructions.** Finally,
we note that our previous measurements on InAs in-
dicated a metallic surface which we attributed to step-
and defect-induced surface states.'” On InP, we clearly
have semiconducting behavior on the surface, but it
appears that surface states inherent to the reconstruc-
tion still pin the Fermi level.

In order to spatially map out the electronic variations
within a single NW, we performed STS at several posi-
tions in the n-type part of the pn-NW; see Figure 5. STS
represents the only possibility to obtain the surface
electronic structure across the NW with nanometer re-
solution. Each column depicts tunneling spectra similar
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to those presented in Figure 4, where the increase in
amplitude, equivalent to the LDOS, is shown by the
contours. Each column is averaged over 10—15 spectra
obtained at the same axial position along the NW.
While the VB appears rather homogeneous, there is a
variation along the NW for the lowest values near the
CB edge which are consistent with additional defect-
induced acceptor states. From the homogeneous VB, a
specific influence of these defect states near the CB
edge on the position of the Fermi level can be excluded.
Surprisingly, the areas with less states below the CB edge
are correlated with areas having a rougher morphology
on a few nanometer scale. We note that there is also
some correlation between the areas with more row order-
ing on the n-type structure and these roughly 20 nm wide
hills. Thus these additional states could be attributed to
atomic scale disorder on the surface of the NW.

In order to study long-range surface features of the
pn-NWs, we used secondary electron (SE) X-ray photo-
electron emission microscopy (XPEEM), as seen in
Figure 6. SE XPEEM has been shown to be sensitive
to dopant-induced contrast*> and typically has a sam-
pling depth of 5—10 nm and is therefore complemen-
tary to electron holography, for example, which is more
bulk sensitive.***” In this case, the observed SE con-
trast showed the n-type part as the brighter segment
(Figure 6b). No qualitative changes in contrast were
observed upon cleaning in atomic hydrogen or by
changing the kinetic energy of the photoelectrons
(Figure 6¢). Even more complex structures in the form
of double p-n junction NWs with a stacking of npnp
were also grown and analyzed (Figure 6c—e). Note that
these NWs were significantly longer than the single pn-
NWs. The SE intensity from the n- and p-type parts of
the npnp-NWs showed the same behavior as before
with the n-type parts brightest. The dopant-induced
contrast was once again unaffected by the deoxidation
procedure. In addition, we observed in the SE measure-
ments that the segment length was non-uniform,
giving valuable feedback on the axial growth rate
along the NW and the ability to grow longer super-
structures of alternating p and n segments.

The low SE emission from p-type segments is oppo-
site to what has been reported, both for bulk Si*® and
for n-type InP NWs.*® In general, p-type areas have
been observed as bright and gradually becoming
darker as the p-doping decreases and darken further
as the doping is set more and more n-type. In our
measurements, it is apparent that the p-type part has a
significantly lower SE yield and shows a shift of the SE
spectrum toward higher kinetic energies by 60 meV
(Figure 6f). We explain the low SE yield from the p-part
by considering the effect of the highly abundant Zn
atoms at the surface, which was obtained above. For
highly Zn-doped InP, it is reported that the Zn atoms
form Zn;P, precipitates*® or small Zn oxide/hydroxide
inclusions. As ZnsP, is unstable and oxidizes in contact
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Figure 6. XPEEM imaging of InP pn- and pnpn-junction
NWs cleaned in atomic hydrogen. (a) Mirror electron mode
image showing a p-n junction NW. The Au particle can be
found at the top followed by the p- and n-type segments
(electron kinetic energy = 0.76 eV). (b) Secondary electron (SE)
image of the same NW as in (a) with the different segments
clearly visible (hv = 100 eV, electron kinetic energy = 1.30 eV).
(c) SE image of an pnpn-NW covered with native oxide; note
the Au particle in the top left corner (hv = 70 eV, electron
kinetic energy = 0.28 eV). SE images of the NWs after cleaning
look similar. (d) XPEEM image recorded using In4d photo-
electrons (hv = 70 eV, kinetic energy = 47.6 eV). (e) Mirror
mode image of the NW after cleaning (kinetic energy =
0.13 eV). (f) Intensity of the n- (blue) and p-part (red) of the
pn-NW as SEs with different kinetic energy are tuned in. The
color code in (b,c) denotes the SE intensity with the n-type
parts as the brightest.

with air,*® the Zn precipitates are presumably mainly
Zn oxides (which should be stable also under hydrogen
cleaning at 400 °C). Such types of precipitates give rise
to additional inelastic scattering hindering the SE
emission and lowering the SE yield.

To explain the shift of the SE peak, we follow the
reasoning by Takeuchi et al., who studied SE emission
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Figure 7. Using our multiple method approach, we arrive
at a complete description of the InP p-n junction surface.
(@) Schematic depiction of a pn-NW with radius R and
depletion layer thickness d at the surface. (b) Obtained
surface band bending for n-type and p-type NWs with/without
oxide as a function of impurity concentration. For the p-type
NWs, the depletion layer is thicker than the radius of the NW.
(c) Surface band diagram of a p-n junction NW as derived from
the combined STS and XPEEM data.

from metal crystals and found that the photoemission
spectrum has a sharp onset at a minimum kinetic
energy E;o given by’

EkO = ¢7€Vb 7¢a

where ¢ is the work function of the sample, e is the
elemental charge, V,, is the potential difference be-
tween the sample and the analyzer, and ¢, is the work
function of the detector. For a semiconductor, the SEs
are emitted from the densely occupied valence band
rather than from the Fermi level and E,, will thus be
measured in relation to the valence band edge instead
of the work function of the sample. In Figure 6f, we
measured the shift in £y, between the n- and p-type
part to be 60 meV as measured between the parallel
parts of the SE onset. The shift corresponds to (since V,
and ¢, are constant) the difference in ionization po-
tential. With this information, we complete our knowl-
edge of the surface band structure which is sum-
marized in Figure 7c. We note that there is a difference
in the electron affinity (conduction band edge to
vacuum), where the p-part has a 90 meV larger electron
affinity than the n-part, which we attribute to the differ-
ence in crystal structure. Differences in electron affinity
are important since they will determine the possibilities
of making Ohmic metal contacts to the semiconductor
(in conjunction with the metal work function).

As we observe that the surfaces on both parts of the
pn-NWs are (to some extent) Fermi level pinned, we
can estimate a surface depletion layer thickness, d,
close to the surface (or interface to the oxide) where
significant band bending into the semiconductor oc-
curs. We adopt the same method as in ref 4 and
estimate d for a given doping concentration n and a
surface Fermi level pinning potential ¢,, which is the
difference between the Fermi level position in the bulk
and at the surface. Assuming a cylindrical NW with
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radius R, as sketched in Figure 73, it is possible to
estimate a minimum d by further assuming that d <R.
The depletion layer width is given by*

4meoedy 1 d @2
27n 3R

where ¢ is the permittivity of vacuum and ¢ is the
dielectric constant of the semiconductor (12.6 for InP).
Using the knowledge we have on the oxidized and
cleaned surfaces from XPS and STS, we can now
estimate a minimum depletion layer thickness for
different p- and n-doping levels with the result shown
in Figure 7b. First it can be observed that for standard
NWs with radii from 20 to 40 nm p-doping needs to be
higher than 5 x 10'® cm 3 to achieve a situation where
the surface pinning is not affecting the whole NW in a
very significant fashion. As the oxide shell is n-type,
even very low n-doping will result in a NW with n
character; however, this can, on the other hand, limit
how low n-doping can be achieved. Under the assump-
tion that the p-type NWs have a bulk charge carrier
concentration below 5 x 10" cm™3, we find that the
surface Fermi level pinning potentials, with respect to
VB, of 0.68 eV (cleaned NWs) and 1.10 eV (oxidized
NWs) correspond to depletion layer widths larger than
the NW radius R. These results show that a significant
portion of the p-type NWs, especially when oxidized,
will experience “n-type” behavior due to surface band
bending extending into the NWs. However, since the
pn-NWs show diode behavior,?® a larger than expected
amount of dopants must be present in the p-type part
to screen the surface Fermi level pinning and give
p-type characteristics. Indeed, the previously estimated
low p-type carrier concentration for these NWs could be
explained by the surface Fermi level pinning.

CONCLUSIONS

We have used a combination of XPS, XPEEM, LEEM,
STM, and STS to gain a detailed, spatially resolved
understanding of surface composition, band position
changes, and morphology of InP NWs. Native oxide
removal by atomic hydrogen was carefully monitored
using XPS, and it was found that the oxides pin the
surface Fermi level highly n-type, while other adsor-
bates have little effect. SE XPEEM imaging was used to
observe doped segments in designed NWs with com-
plex doping profiles. We measured the vacuum ioniza-
tion differences between p- and n-type segments. Thus
the complete band picture including the vacuum levels
could be mapped out as shown in Figure 7c. Direct
evidence of surface-related Zn at 0.2 monolayer cover-
age was found in XPS and XPEEM with indications that
it was precipitated as oxidized Zn. Extensive STM
investigations revealed surfaces with only local order-
ing, both for n-type NWs and for InP(111)B. A twinned
Zb morphology could be related to p-type NWs. We
can finally conclude that cleaning the surface from
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native oxides formed during exposure to ambient air
leads to a partial unpinning of the surface, making it
easier to control the surface using dopant incorpora-
tion during synthesis. However it is important, for
continued miniaturization, to control the extent of

EXPERIMENTAL METHODS

Au-catalyzed homogenously doped InP NWs (80 nm thick)
were grown in a metal organic chemical vapor deposition
(MOCVD) reactor using dimethylzinc (DMZn) as p-type precur-
sor and tetraethyltin (TESn) or hydrogen sulfide (H,S) as n-type
precursor. NW tapering was controlled by in situ etching using
HCI.>2 Homogenously doped n-type (Sn) NWs showed charge
carrier concentrations ranging fromn =5 x 10 ton =5 x
10" cm~3, whereas the p-type NWs showed clear p-type
behavior, but the charge carrier concentrations were too low
to be determined using gate-dependent measurements
(devices normally off). NWs with axial stacking of n-p and n-p-
n-p segments were grown using DMZn and TESn flows match-
ing the highest obtained carrier concentrations. More details on
growth can be found in ref.?> DMZn induced a periodically
twinned zinc blende (Zb) crystal structure as previously
reported.32 The TESn, on the other hand, was not seen to affect
the crystal structure and the NWs showed predominantly
wurtzite (Wz) structure with plenty of stacking faults. Sulfur
was seen to induce a pure Wz stacking. The NWs were grown
free-standing on epi-ready InP(111)B wafers and were broken
off to investigate the side facets. NWs for XPEEM were deposited
on HF-etched Si using a clean room paper to transfer the NWs
from the growth substrate resulting in a sparse coverage of
NWs. For XPS, a high density of NWs was required in order to
obtain a high signal-to-noise ratio. For this purpose, dense
assemblies of uniformly doped NWs were deposited on HF-etched
Si using a dry deposition method as described elsewhere.® For the
STM studies, the NWs were transferred to a sulfur-doped, n = 3 x
10"® cm~ epi-ready InP(111)B substrate.

X-ray photoelectron emission microscopy/spectroscopy
(XPEEM/XPS) was performed at the soft X-ray beamline 1311
at the MAX IV laboratory in Lund, Sweden, using an Elmitec
SPELEEM Il and a Scienta SES200 analyzer for XPEEM and XPS,
respectively, operating at a pressure p < 10~'° mbar in room
temperature. The energy of the X-rays was in between 70 and
1330 eV. In XPEEM, it has been shown that improved reliability
in the experimental data can be obtained if the SEs are analyzed
with respect to kinetic energy instead of the total yield.>* All
experiments presented within this paper were therefore per-
formed using an electron energy analyzer measuring the number
of photoelectrons as a function of kinetic energy. An ultrahigh
vacuum (UHV) Omicron XA VT STM operated at a pressure p <
107"° mbar in room temperature was used for the STM studies.
STS was used to probe the surface electronic structure of the
cleaned InP NWs and the InP(111)B substrate. During acquisition,
the tip was moved closer to the surface with 2 A/|V| in order to
increase the sensitivity at low sample bias, according to the so-
called Feenstra mode.*’” In the graphs, the numerically differen-
tiated conductance has been normalized to the total conductance
broadened by an exponential function which has been shown to
be a suitable way to give a representation of the local density of
states (LDOS) and removing height correlated differences intro-
duced by the Feenstra mode.>® For the STS data presented in
Figure 5, we used a lock-in technique to directly obtain the
differentiated conductance.

The NWs were analyzed both covered with native oxide from
exposure to ambient air and after oxide removal in vacuum. In
the deoxidation procedure, the NWs were heated to 400 °C and
exposed to a beam of atomic hydrogen. Different cleaning
times varying between 2 and 40 min were compared, typically
in steps of 8 min. For more information about deoxidation of
=V NWs, see ref 17. Spatially resolved XPS (uXPS), obtained
within the XPEEM system, of the cleaned NWs were compared
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the surface band bending even better and make sure
that one Fermi level pinning is not just replaced by
another one upon removal of the oxide. Thus chemical
tailoring of NW surfaces in combination with careful
monitoring of the effect will be needed.

to spectra obtained for homogenously doped NWs using the
high-resolution XPS setup at beamline 1311 at the MAX IV
laboratory, Lund, to ensure similar surface conditions.
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