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ABSTRACT
Detailed electron transport analysis is performed for an ensemble of conical indium phosphide nanowires bridging two
hydrogenated n+-silicon electrodes. The current-voltage (Id-Vd) characteristics exhibit a Coulomb staircase in dark with a
period of ~ 1 V at room temperature. The staircase is found to disappear under light illumination. This observation can
be explained by assuming the presence of a tiny Coulomb island, and its existence is possible due to the large surface
depletion region created within contributing nanowires. Electrons tunnel in and out of the Coulomb island, resulting in
the Coulomb staircase Id-Vd. Applying light illumination raises the electron quasi-Fermi level and the tunneling barriers
are buried, causing the Coulomb staircase to disappear.
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1. INTRODUCTION
Indium phosphide nanowires (InP NWs) are becoming a popular research topic [1]. Kobayashi et al. reported InP
NW synthesis and electrical transport measurements on a simple photoconductor under light illumination [2]. Two n+
type hydrogenated silicon (n+-Si:H) electrodes on the photoconductor served as the foundations for growing InP NWs
towards each other as shown in Figs. 1(a) and 1(b). Some NWs collided during growth and fused together as shown in
Fig. 1(c), establishing an electrical connection. Because of the Si:H electrodes’ intentional n+ doping and, as a result of
the growth method [3], the NWs’ unintentional n doping, electrons were the dominant carrier for electrical transport as
we will discuss later on. In this article we have performed detailed analysis of the DC electron transport characteristics
for the InP NW photoconductors in darkness and under light illumination by laser light (633 nm, 1.95 eV) at various
optical power levels up to 5 μW. The light energy is significantly greater than the InP direct bandgap Eg of 1.34 eV, so
appreciable electron-hole pair generation is expected. One electrode was biased at Vd = -5 to 5 V while the other was
grounded (thus designating them as the drain and the source respectively), and the resulting Id was measured. On an
important note, the measurements were all taken at room temperature.
In several devices we have observed increasing conductance because of electron-hole generation from illumination
power. Nearly half of those devices showed a smooth Id-Vd curve in darkness with a slight diverging nonlinearity and the
NW differential conductance between the electrodes RNW = dId/Vd changed from ~2 nS at Vd = 0 to ~5 nS at Vd = 5 V.
The illumination therefore increased the device photoconductivity by orders of magnitude. This is important in terms of
*
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engineering as an amplifier, and is well understood as a physical mechanism. The details for such devices are discussed
in Fig. 3 of [4]. However, the remaining devices had an unusual Id-Vd curve in darkness that gradually disappeared with
light illumination. The present article focuses on the behavior of the latter type of device.

Figure 1. (a) Schematic of a fabricated InP nanowire (NW) photoconductor. (b) Scanning electron microscope
(SEM) image (top view) of a representative InP NW photoconductor. InP NWs were selectively grown on the pair
of n+-doped Si:H electrodes. (c) SEM image of a point where two nanowires were fused.

2. STAIRCASE CURRENT-VOLTAGE CHARACTERISTICS
The resulting Id-Vd plot is shown in Fig. 2 for various light illumination powers which are labeled in μW. Each μW
increment increases the device conductance by 0.06 μS, and for 5 μW the conductance is increased by an order of
magnitude. The functional forms, however, are significantly different when comparing the darkness Id-Vd characteristics
to any of the illuminated Id-Vd characteristics. In the dark, Id does not increase smoothly but rather has discrete jumps at
regular intervals of Vd, giving the darkness Id-Vd a distinct staircase shape. In order to extract the Vd period, we have
subtracted the linear component of Id and applied the Fourier transform to the result. The result has its peak at 2π/ΔV =
6.6 V-1 or ΔV = 0.95 V. Another Fourier transform calculation using d2Id/dVd2 instead of Id has yielded the same period.
Under light illumination at 0.64 μW, the staircase shape still exists but has become less prominent compared to the linear
component, i.e. the Vd period has become shorter. Any further increase in illumination power erases the staircase and
leaves the linear component, making the Id-Vd characteristics Ohmic. In addition, the change is reversible: a device that
has been illuminated will display, once returned to darkness, exactly the same staircase Id-Vd as before.

Figure 2. Id as a function of Vd with light power as a parameter. Note the distinct staircase shape of the darkness
curve in contrast to the linearity of the illumination curves (with the possible exception of 0.64 μW).
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Figure 3 shows the basic theoretical model used in this article to explain the experimental Id-Vd staircase, hereby
explained as a Coulomb staircase [5-13]. The main feature is an island in a 1-D crystal system closely surrounded by a
pair of tunneling barriers. The spatial proximity of the barriers is such that the Fermi level inside the island is raised
drastically if even a single extra electron tunnels in. These conditions allow the Id-Vd staircase to exist in darkness. Since
the Si:H electrodes were n+-doped and InP was unintentionally n-doped regardless of synthesis methods [3], electrons
dominantly contributes to electrical transport. Additionally, because of low hole mobility and low hole concentration,
only the electrons from the nanowires will be able to pass through the electrodes to create current. If light illumination is
applied, only the electron quasi-Fermi level is considered relevant. Then with a higher electron quasi-Fermi level, the
barrier heights are effectively decreased and a reduced or eliminated (with sufficient power) staircase is expected, which
is consistent with the experimental data.

Figure 3. Schematic diagrams of the pair of tunneling barriers responsible for the experimental Id-Vd characteristics
for (a) darkness, (b) light illumination power small enough to still produce a staircase, and (c) power large enough to
make the staircase disappear. The height of the barriers should be higher than 26 meV so that the system is not
overridden with thermal noise. In order to ensure a staircase, the barriers must provide tunneling resistance greater
than 12.9 kΩ so that an electron cannot coexist in the island (middle) and in the source or drain (outside the barriers).

In order to fully explain the mechanism for the staircase, we turn to a more detailed thermodynamic consideration of
the island and tunneling barriers in question [10,11,13], but with an intuitive energy band diagram method here. The
steps of the staircase have a measurable voltage period because of the high island Coulomb charging energy compared to
kBT = 26 meV, which removes the possibility of thermal agitation charging the Coulomb island without Vd input and
washing out the staircase shape. High charging energy is insured by the small physical dimensions of the island itself, ~
10 nm2 × 0.5 nm. The current is determined discretely by the number of electrons that manage to tunnel from source
electrode to drain electrode; individual electrons matter because of high tunneling resistance RT compared to the
quantum resistance RQ = 12.9 kΩ, which prevents the wavefunction of any given electron from spreading throughout
source, island, and drain. High tunneling resistance is insured by the effective heights and widths of the pair of tunneling
barriers surrounding the island. According to the experimental Id-Vd plot this seems to be the case, displaying a resistance
on the order of MΩ. These two conditions are necessary for the Coulomb staircase to exist, and will be discussed in
further detail in the analysis portion of this article.
Tunneling probability is determined by the potential bias at each barrier, i.e. between source and island and between
island and drain. Vd controls this by, if it is sufficiently large, allowing electrons to tunnel from the island to the drain.
This drops the island’s Fermi level, which then allows electrons to tunnel from the source to the island and compensates
the deficit. The incoming electrons raise the island’s Fermi level, stopping source to island tunneling and allowing island
to drain tunneling instead. This cycle is what allows current to flow through a Coulomb island, and it turns out that the
number of electrons that can be involved in a cycle changes discretely at periodic intervals of Vd.
If Vd is too small as in operating point A in Fig. 4, the island is considered to only have the possibility of 0 electrons.
In our experiment this range would be about 0 V to 0.5 V. Vd is not large enough to entice any electrons in the island to
tunnel to the drain, so there is no hole to fill by the source and zero current results.
Operating point B has sufficient Vd for the island to be considered to have the possibility of -1 or 0 electrons,
allowing it to tunnel one electron at a time from source to drain in the manner of cycle B in Fig. 4. In our experiment this
range would be about 0.5 V to 1.5 V. The island has a positive charge because Vd is large enough to extract one electron
from the island. The average of the island Fermi levels with and without a tunneled electron is flush with the source
Fermi level.
Operating point C further increases Vd so the island is now considered to have the possibility of -2, -1, or 0 electrons,
allowing it to tunnel two electrons at a time in the manner of cycle C. The island has double the positive charge because
Vd is now large enough to extract two electrons from the island. The average of the island Fermi levels with one tunneled
electron and with two tunneled electrons is flush with the source Fermi level.
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Figure 4. Energy band diagrams for operating points A, B, and C on the theoretical Id-Vd diagram inset displaying a
Coulomb staircase. At operating point A, Vd is too low to allow anything but 0 electrons on the island at all times,
preventing current from tunneling through. At operating point B, Vd extracts one electron to allow -1 and 0 electrons
on the island, so one electron at a time can tunnel from source to drain. At operating point C, -2, -1, and 0 electrons
are allowed on the island, so two electrons can tunnel simultaneously.

An interesting point to note here is that the tunneling probability for -2 to -1 is exponentially higher than that for -1
to 0, so the time necessary for cycle C is essentially the same as the time necessary for cycle B despite the number of
extra steps shown. Therefore the current, or charge per unit time, can be considered double for operating point C as for
operating point B because C has double the charge flowing within the same time period.

3. ANALYSIS OF EXPERIMENT
We first examine the influence of illumination to the staircase qualitatively. In dark, the Fermi level EF0 is well
below the two tunneling barriers corresponding to capacitors Cs and Cd. When an electron tunnels to the island, the
charging energy is ~q2/CΣ, where CΣ = Cs + Cd. The charging energy is comparable to qΔV = 0.95 eV and is much larger
than kBT = 26 meV. The total resistance Rtot reflecting RT is in the 10 MΩ range, much larger than RQ = 12.9 kΩ.
Therefore, the staircase Id-Vd characteristics are seen in dark [8-13]. Under light illumination, a lot of e-h pairs are
generated and EF0 splits into quasi-Fermi levels for electrons EFn and holes EFp. EFn will rise as the light illumination
power P is increased, from EF0 to EFn1 in the schematic energy diagram of Fig. 3. ΔV decreases at P = 0.64 μW compared
to that in dark, and this is consistent with decreasing 1/Cs and 1/Cd (due to the effective reduction of the capacitor-plate
distance) with rising EFn with P. When EFn rises to EFn2, the tunneling barriers are mostly located below it and these
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capacitors practically disappear (1/Cs and 1/Cd → 0). As a result, the system can be regarded as a simple resistor, and
linear Id-Vd characteristics result with a much lower resistance. This scenario is all consistent with our experimental
observations. In the following, we will analyze the experimental data quantitatively, and show that this scenario is in fact
a conceivable explanation for our unique NW photoconductor behavior in dark and under light illumination.
The model assumes a single active Coulomb island on a pair of NWs while our structural analysis in Fig. 1 clearly
shows multiple fused NW pairs bridging two electrodes [1]. This is a legitimate assertion since RT through the above
barriers will be an important source in resistance. In fact, tunneling transport is widely seen in various nanoscale
systems, and RT depends on the tunnel barrier width exponentially [14]. Since microscopic details of the multiple fused
NW pairs are all different, there would be appreciable variations in tunneling barrier among the NW pairs, resulting in
significant difference (orders of magnitude) in RT.
From Fig. 2, ΔV = 0.95 V and this suggests the presence of very small capacitances in the range of 0.1 aF in a NW
pair. Relevant capacitors C = α × εA / d even when the plate area A and the distance squared d2 are comparable, where
α is a dimensionless factor (~100) representing the capacitance fringing field effects [15]. Using this expression, we
estimate that the physical dimension of these capacitors is a rectangular prism of A = 10 nm2 and d ~ 0.5 nm with a
vacuum dielectric constant ε ~ 1 (the tunneling barrier corresponding to a vacuum bap in the InP background). In some
devices, the staircase characteristics are not observed, and this is interpreted that the necessary pair of capacitors are not
successfully formed, resulting in the staircaseless smooth Id-Vd characteristics.
These capacitors are significantly smaller than the typical NW radius of ~0.1 μm around the fused portion.
However, the fact that InP NWs are unintentionally doped semiconductors and their surfaces are largely depleted
suggests that it is not the physical dimension of the fused portion that accounts for the capacitance. Unintentionally
doped InP thin films synthesized by metal-organic chemical vapor deposition are usually n-type with the electron density
of n ~ 1015 cm-3, while unintentionally doped InP thin films grown by molecular beam epitaxy (MBE) from solid sources
are consistently n-type with n ~ 1016 cm-3 (in exceptional cases, n ~ 5 × 1014 to 5 × 1015 cm-3 is reported in MBE grown
InP) [2]. We have confirmed that our unintentionally doped InP blanket films are n-type with n ~1015 cm-3. This means
that our significantly wide NWs can have n ~ 1015 cm-3, but our narrow NWs could have up to n ~ 1016 cm-3. The
depletion region width wdep [16] is estimated with a surface potential of a fraction of the bandgap Eg [17]: wdep ~ 0.3 μm
for n = 1015 cm-3, and wdep ~ 0.1 μm for n = 1016 cm-3. NW devices are electrically conducting even though NWs are
connected via fused portions of ~0.1 μm and ~ 10 nm2 × 0.5 nm rectangular prism capacitors exist near the Coulomb
island deep inside the NWs.

Figure 5. EFn and EFp as a function of P for representative electron mobility μ values: 34.7 [16], 1000, and 3000
cm2/Vs. Δn is converted to change in quasi-Fermi levels.
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Because of large wdep, it would be highly possible that capacitances of ~ 10 nm2 × 0.5 nm rectangular prisms are
present within much wider NWs. In fact, this is an important and substantial difference between metallic and
semiconducting nanostructures. In metals, wdep ~ 0 due to large n, and once the capacitor physical size is estimated in
modeling, identifying the capacitor location would be straightforward. After capacitor size estimation, Hanna and
Tinkham suggested that capacitors should be located between the scanning tunneling microscope (STM) tip and metallic
sample, and proved it through their observation of Id-Vd modulation when changing the STM-sample distance [5].
Matsumoto et al. created a surrounding barrier and a resultant metallic Coulomb island with pre-designed dimension by
oxidizing a metallic layer with an STM tip, and confirmed that the staircase period was consistent with the barrier
dimension [6]. In these works, wdep ~ 0 in metals plays a critical role. However, in semiconducting NWs, wdep is large
due to small n, and thus, the active NW region contributing to electron transport is much deeper in location and much
narrower in radius than the actual NW size. Because of large wdep, it is conceivable that two small capacitors of ~ 10 nm2
× 0.5 nm rectangular prisms can exist in NWs, in particular around the fused portion. We consider the island to be
located in the fused portion and coupled to the source and drain NWs. Understanding how the source and drain NWs
fuse, including the crystal orientation of the fused portion with respect to the NWs, will be important in clarifying the
physical origin and properties of the island and its surrounding potential barrier. Our Id-Vd staircase is clear so that it
would not be necessary to consider the coupling of multiple capacitors [18,19].
Since Si:H electrodes are n+-doped and InP NWs are unintentionally n-doped [2], and the bulk electron mobility is
several ten times higher than the bulk hole mobility, we assume that only electrons contribute to transport. Given
characteristics of the two-probe measurement, Rtot reflects two different contributions, contact resistance Rc between the
electrodes and NWs, and NW bulk resistance RNW. Thus, Rtot = Rc + RNW. We assume RNW >> Rc. For a cone NW, RNW is
given by ρh/(πrtrb), where ρ is the InP resistivity and r(z) is the radius at height z with r(h) = rt and r(0) = rb. Then, ΔG is
expressed as qA/L × μΔn with the electron mobility μ, the e-h pair density Δn, the length L, and the effective crosssection A = πrtrb of the NW. Without the knowledge of μ in our NWs, μΔn is plotted as a function of P. Both G(P) and
ΔG(P) show apparent linearity. This is consistent with our starting assumption of RNW >> Rc. In fact, although RNW ∝
1/P, Rc generally depends on P differently. If RNW ~ Rc, the apparent linearity of G(P) cannot be observed. The linearity
suggests that RNW >> Rc, Rtot ~ RNW, and Δn ∝ P.
Now RNW = Rbulk + RT, where Rbulk represents the NW bulk resistance. Rbulk varies little while RT changes
significantly (because of exponential barrier width dependence) among different fused NW pairs. The linearity of G(P)
further suggests that Rbulk >> RT. Also, the Coulomb staircase requires isolation of the island, i.e., RT >> RQ [13]. Thus, in
dark when the clear staircase is observable, Rbulk ~ 10 MΩ >> RT >> RQ = 12.9 kΩ for the fused NW pair dominating the
photoconductor's characteristics. For the other non-dominant fused NW pairs, RT > (or >>) Rbulk ~ 10 MΩ and the
resultant Rtot is much higher so that practically no current flows in these parallel connections. Under light illumination
when the staircase disappears, RT ≤ RQ = 12.9 kΩ and Rtot ~ Rbulk is reinforced for the dominant NW pair. In some
photoconductors, the staircase was absent even in dark, and this is interpreted as Cs and Cd not small enough or RT >> RQ
= 12.9 kΩ not satisfied.
Next, we will discuss how EF0 in dark is modulated by P in InP. When n ~ 1014−1015 cm-3, EF0 is located at
1.115−1.175 eV above the top of the valence band Ev (Eg = 1.34 eV). Using e-h effective masses of 0.08 and 0.623,
effective conduction-band and valence-band densities Nc and Nv are 5.7 × 1017 cm-3 and 1.1 × 1019 cm-3, respectively.
Thus, the intrinsic carrier density ni is N c N v e − Eg / 2 k B T = 107 cm-3. P creates the same density of excess e-h pairs Δn =
Δp. In Fig. 5, EFn and EFp are plotted as a function of P. There is no practical difference in EFn between n0 = 1014 cm-3 and
1015 cm-3 except for P = 0. The electron mobility μ was not measured and unknown. EFn and EFp were calculated for
representative values, μ = 34.7 cm2/Vs (a theoretical lower limit for a cone-shaped NW with n ~ 1015 cm-3), 1000
cm2/Vs, and 3000 cm2/Vs (an upper limit for intrinsic bulk InP). When P = 1 μW, however, quasi-Fermi levels are fairly
insensitive to μ, and EFn ~ 1.2 eV and EFp ~ 0.30 eV. With further increase in P, EFn increases and EFp decreases
gradually. For P = 0−5 μW, ΔEFn = 25−85 meV. When the potential barriers are comparable to ΔEFn, the Coulomb
staircase scenario should appear. The Id-Vd curve in dark has a finite slope near Vd = 0 and this indicates that there was an
initial "effective" charge on the Coulomb island [5], and this gives information for the physical origin of the barriers,
which we have not identified at this stage.
A similar disappearance of the Coulomb staircase was reported for an InAs NW with a pair of barriers created with
InP [20]. As shown in Fig. 2(b) of Ref. 20, they observed the staircase disappearing with increasing the gate bias. This
can be interpreted in a similar way, i.e., the gate bias raised the Fermi level and a pair of potential barrier were berried,
resulting in the disappearance of the staircase, just like illumination raised the Fermi level in our case.
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4. CONCLUSION
We have analyzed DC Id-Vd measurements of a device of fused InP NWs bridging the gap between two n+-Si:H
electrodes in darkness and under various powers of light illumination. The darkness curve exhibits a distinct staircase
shape that disappears (turning Ohmic) as soon as light is applied and reappears as soon as said light is removed. This
phenomenon can be fully explained by the concept of a Coulomb staircase.
The InP NWs are known to be doped to n ~ 1015 cm-3 unintentionally as a result of the growth process in bulk. The
doping near the fusion points for the NWs is expected to be around n ~ 1016 cm-3. This would give us a value for the
surface depletion width wdep ~ 0.1 μm. Because of this large wdep, the active conduction region is deep inside the NWs,
very close to the central axis.
Two tunneling barriers surround the Coulomb island in the fused portion of the NWs, where the NW radius and wdep
are comparable. These barriers are considered to be a series connection of two capacitors, with capacitances of ~ 0.1 aF
and sizes of ~ 10 nm2 × 0.5 nm.
Although there may be multiple fused NW pairs connecting the electrodes, only one pair determines the entire
device’s electrical characteristics because RT depends exponentially on barrier width so that the resistance of the nonmain pairs make them practically open circuits.
In the dark, EF0 is located at ~ 1.2 eV above EV. Under light illumination with power up to 5 μW, EFn rises by ΔEFn =
25–85 meV. The effective barrier height should be comparable to this value.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Bao J, Bell D C, Capasso F, Wagner J B, Martensson T, Tragardh J and Samuelson L 2008 Nano Lett. 8, 836 and
references therein.
Kobayashi N P, Logeeswaran V J, Islam M S, Li X, Straznicky J, Wang S Y, Williams R S and Chen Y 2007 Appl.
Phys. Lett. 91, 113116.
Martin T, Stanley C R, Iliadis A, Whitehouse C R and Sykes D R 1985 Appl. Phys. Lett. 46, 994.
Sarkar A, Logeeswaran V J, Kobayashi N P, Straznicky J, Wang S Y, Williams R S and Islam M S 2007 Proc. of
SPIE 6768, 277.
Hanna A E and Tinkham M 1991 Phys. Rev. B 44, 5919.
Matsumoto K, Ishii M, Segawa K, Oka Y, Vartanian B J and Harris J S 1996 Appl. Phys. Lett. 68, 34.
Andres R P, Bein T, Dorogi M, Feng S, Henderson J I, Kubiak C P, Mahoney W, Osifchin R G and R Reifenberger
1996 Science 272, 1323.
Averin D A and Likharev K K, Chap. 6 in Mesoscopic Phenomena in Solids ed. by Altshuler B A, Lee P A and Webb
R A, (Elsevier, Amsterdam, 1991).
Single Charge Tunneling: Coulomb Blockade Phenomena in Nanostructures, ed. by Grabert H and Devoret M H
(Plenum, New York, 1992).
Tamura H, Hasuo S and Okabe Y 1987 J. Appl. Phys. 62, 3036.
Beenakker C W J 1991 Phys. Rev. B 44, 1646.
Amman, M Wilkins R, Ben-Jacob E, Maker P D, and Jaklevic R C 1991 Phys. Rev. B. 43, 1146.
Yamada T, Chap. 7, "Nanoelectronics Applications" in Carbon Nanotubes: Science and Applications ed. by
Meyyappan M, (CRC, Boca, Raton, 2004).
Yamada T 2001 Appl. Phys. Lett. 78, 1739.
Sloggett G J, Barton N G and Spenser S J 1986 J. Phys. A: Math. Gen. 19, 2725.
Shockley W, Electrons and holes in semiconductors, with applications to transistor electronics, (Krieger, Malabar,
1976).
Bardeen J 1947 Phys. Rev. 71, 717.
Bar-Sadeh E, Goldstein Y, Zhang C, Deng H, Abeles B and Millo O 1994 Phys. Rev. B. 50, 8961.
Imamura H, Chiba J, Mitani S, Takanashi K, Takahashi S, Maekawa S and Fujimori H 2000 Phys. Rev. B 61, 46.
Thelander C, Martensson T, Bjork M T, Ohlsson B J, Larsson M W, Wallenberg L R, and Samuelson L 2003 Appl.
Phys. Lett. 83, 2052.

Proc. of SPIE Vol. 7768 77680B-7

