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Hetero- and low-dimensional structures

Analytic theory for current-voltage characteristic
of a nanowire radial p-i-n diode
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Abstract. In this article, process of current flow in a nanowire radial p-i-n diode has been
considered in detail. It has been shown that cylindrical geometry of the structure gives rise
to specific asymmetry of the concentration distribution for current carriers injected to the
i-layer, which is opposite to asymmetry that is due to inequality of carriers” mobilities. This
specific asymmetry rises with bringing the i-layer nearer to the nanowire center. Together
with that, decrease of the current density in a “long” p-i-n diode and its increase in a “short”
p-i-n diode take place (at given forward voltage). And variation of radial thickness of the
i-layer demonstrates maximums in the current density at the thickness close to the bipolar
diffusion length.
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1. Introduction

In the recent time, there is permanently growing interest
of the researchers in multilayer semiconductor nanowires
with a radial structure of the layers obtained by their
different doping or/and making the heterostructures.
These structures have large perspectives for usage in
variety of new (core-shell) nanoelectronic devices: solar
cells [1-5], photodetectors [6], nanowires for energy
harvesting [7], field-effect transistors [8], high electron
mobility devices [9], nanowire-based light-emitting
diodes [10], nanowire lasers [11] etc.

The most of these nanowire devices contain radial
p-n or p-i-n junctions and use the transverse transport
through them. Due to cylindrical symmetry of these
structures, their electronic properties acquire a number of
peculiarities in comparison with analogous planar
devices. In particular, distribution of the non-equilibrium
carriers injected into base layer of the radial p-n junction
diode decays with a different rate depending on the
injection direction — from the nanowire center to
periphery or vice versa [12]. The reason is overlaying of
specific concentration falling with radial coordinate
related to cylindrical geometry of the structure onto its
falling due to recombination. This circumstance results
in, respectively, increasing or decreasing the diode
saturation current as compared with analogous planar
diode. And electric field in the i-layer of radial
p-i-n diode proves to be inhomogeneous primordially,

decaying from the nanowire center that was shown in
Ref. [13] by simulation and in Ref. [14] analytically. All
these peculiarities enlarge with decreasing the nanowire
radius.

Though in the most of cases, the large arrays of the
same type nanowires are used in applications, it is useful
to investigate in detail the properties of single radial p-n
or p-i-n elements for the sake of their optimization [15].
The fact is that radial p-i-n diodes contain (in the frame
of single device) both injection directions: from the
nanowire center and to it. Therefore, it is of interest to
consider their transport properties in whole.

In this article, the spatial distribution of current
carriers injected to middle layer of a radial p-i-n diode and
its forward current-voltage characteristic are calculated
analytically because simulation by means of standard
programs does not give full solution of the problem.

2. Spatial distribution of current carriers injected to
the i-layer

A schematic view of the structure under consideration is
shown in Fig. 1, where i-layer is located between ry and
Iy Ip and r, are the depletion region boundaries. Basic
equations of the task are continuity equations

divl, =R, @)

divl, = -R. )
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Here, R=—= P describes recombination (t is a lifetime

T T
of the non-equilibrium carriers, the high injection level is
supposed, i.e. n(r)=p(r)), and partial electron and hole

currents are
I, = q(Dygrad (n) + p,n(r)E(r)), 3)
I, =al-Dygrad (p) +u, p(r)E(N)), )

where q is the electron charge, Dy, Dy, n, 1, are electron
and hole diffusion coefficients and mobilities, E(r) is
radial electric field.

In our calculation, we will follow to approach used
in paper [16] for consideration of a planar p-i-n diode. It
is assumed that at the borders of the highly doped p- and
n-regions, the current | is carried only by holes or
electrons, respectively:

olr)=1, )
ly(n)=0, (6)
1,(r,)=0, 7
lylr)=1. (8)

According to (7),

Ip(r2)= ql’-p[_ d_p

dr

. p<r2)E<r2>] o,

r=r,

where 6=kT/q(k is the Boltzmann constant, T —
temperature), whence

E) =y

Then according to (6),

o] el -0

©)

r=r,

r=r
whence it follows that

0 dn

E(rl)z—ma

Next, according to (5) with using (10)

|p<r1>:qu{— o

dr

(10)

r=n

, p<r1>E<rl>J _oqu00

=1,
dr

r=n

r=n
whence

@
dr

S (11)

r=n 2qu,0 ’

and according to (8) with using (9)

Fig. 1. Schematic view of a radial p-i-n diode.

dr

dn
LJQ):an[e__ dr

+n<r2>e<r2>}zqune@

r=r, r=r,

whence it follows that

ﬂ
dr

|
r=r, 2c“"’l'1e '

(12)

Equations (1) and (2) are reduced in natural way to
ambipolar discontinuity equation

div[grad (n)] = %
amb

which under conditions of cylindrical symmetry takes the
form

li(r%j: n(r) (13)

rdr dr) Dyt

where D,y =(upDn+HnDp)/(Mn +Mp)- Solution of
Eq. (13) is

”(r)=cl|o(r/|-amb)+cz Ko(r/Lams ) » (14)

where L, =+/D.pt, lo and Ko are modified Bessel

functions of 1 and 2" kind, respectively. Introducing
new variable X =r/L,,, , we obtain for derivative of (14)

dn
——=C111(X) = C,Ky(x) . (15)
dx

Integration constants C; and C, have to be
determined from (11) and (12) as the boundary
conditions:

dn IL

—  =Cl(%)-C,K,(x)=——2mb 16
0, Gyl (%) —CoKy (%) 21,0 (16)
dn IL

— —Cly(%) —C,K (xy) = ——2mb. (17)
dX - 1711\A2 27MA\A2 Zane
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Fig. 2. Spatial distribution of non-equilibrium carriers in the
i-layer at different its positions relatively to the nanowire
center.
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Fig. 3. Spatial distribution of non-equilibrium carriers in the
i-layer at different values of the mobility ratio.

Finally, we obtain

o) =—
qLamb (1 + b)A (18)

x {[Kl(xl)+ bK; (X, )]'o(x) + ['1(X1)+ bl (x, )]Ko(x)},

where A =1,(x Ky (%) = 1,06 )K;00) , b=y /hp -
Spatial distribution (18) of carriers injected to
i-layer is characterized by dimensionless factor

N(r, 1y, r):mx
x {[Kl(X1)+ bKy (X )llg (%) + [14(x )+ bll(XZ)]KO(X)}'

As an example, Fig.2 represents this factor at radial
thickness of the i-layer equal to 20 nm, the same value of
diffusion length L,n, and b =1 in different positions of
the i-layer relative to nanowire center. In contrast to the
case of planar p-i-n diode [17], in radial p-i-n diode, the
concentration distribution of non-equilibrium carriers
proves to be asymmetrical even at p,=p, and this

asymmetry grows with going of the i-layer nearer to the
nanowire center.
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Fig. 4. Dependence of spatial distribution of non-equilibrium
carriers in the i-layer on its radial thickness, when it coincides
with bipolar diffusion length (at b = 1).

In order to study dependence of the carrier
distribution on mobility ratio b, it is also necessary to
take into account the dependence of the ambipolar
diffusion length itself on b:

2Dt Ly

Lamb:\lDambT: 1+b Eﬂ-

Fig. 3 illustrates the spatial distribution of non-
equilibrium carriers in the i-layer with the radial
thickness 20 nm at different values of parameter b when

Ly =204/2 nm (that gives Lymp=20nm at b=1 as in

Fig. 2). It is seen from this figure that b > 1 inverts the
asymmetry character suppressing the asymmetry, which
is due to cylindrical geometry of the structure.

It is also of interest to track how distribution
asymmetry due to cylindrical geometry enlarges with
increasing radial thickness of the i-layer when L, is kept
equal to the thickness. These dependences are presented
in Fig. 4.

(19)

3. The forward current-voltage characteristic

Under conditions of Boltzmann statistics, we have at the
left edge of i-layer

p(rl) n(rl) — G% (20)

n; n;

and at the right one —

() _ ple) _ @1)

—_— = y

N N;

where
It o
ql—amb(:l-'*'b)A
X {[Kl(xl)+ bKl(XZ )]lo(rl) + ['1(X1)+ bll(XZ )]Ko(rl)}E

It
- qLamb(1+b)A{ by

n(n) =
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It
qLamb (1 + b)A g
X {[Kl(X1)+ bK; (x, )]'o(rz) + ['1(X1)+ b'l(xz)]Ko(rz)} =

AR

- qLamb (1+ b)A

n(ry) =

Multiplying (20) and (21), one can obtain an
expression for the current in the form

qU,+U,)
| Qlamghi (L+D)A o (22)
v \/{ }1{ }2
Under introducing the total voltage

U=U,+U, +U,, where Uy is a voltage drop across the
i-layer, the current-voltage characteristic takes the form

_Wn QU
e 2KT g2kT —

_ qLamb n; (1+b)A

T Jthih

@
r1'r2)92kT'

(23)
= qLamb n; F(
T

where dependence of the current-voltage characteristics
on position and thickness of the i-layer is described by
the factor F(r,r,).

A voltage drop across the i-layer is given as

£}
Um:J-E(r)dr, where radial electric field E(r) is
n

determined from Egs. (3) and (4) after their summation

~ | ~ (b-1)0 dn
E(r)_q(1+b)upn(r) (b+Dn(r) dr - (24

The dependence of current density on the position
of i-layer relatively to the nanowire center (determined

by the factor F(r,r,)/4/[(L+b) , when accounting also its
dependence on the mobility ratio) is different at different
relationships between the radial thickness of i-layer and
bipolar diffusion length. Figs 5a, 5b, 5c illustrate this
dependence. It is seen from these figures that bringing
the i-layer nearer to the nanowire center reduces the
current density at L,<r,—r (a case of “long” diode),
almost does not change it at L, ~r, —r; and enlarges it at
Ly >, —1; (a case of “short” diode).

The role of relationship between the radial thickness
r,—n of i-layer and diffusion length L., manifests
itself even brighter in dependence of the current density
on radial extent of the i-layer at given Ly, (Fig. 6). The
value of current density is maximal, when r, —r, is of the
order of bipolar diffusion length (but larger than it) and

decays in both sides from this region. And the maximum
values decrease with the mobility ratio.
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Fig. 5. Dependences of the current density on i-layer position

relatively to the nanowire center at Lo<r,—r;(a),
Lo=r,—ry(b),and Lo >r, —ry (C).
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Fig. 6. Dependences of the current density on radial extent of
the i-layer at given value of bipolar diffusion length.
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4, Conclusion

Cylindrical geometry of radial p-i-n diode results in its
own (“geometrical”) asymmetry of the concentration
distribution in the diode middle region opposite to
asymmetry that is caused by mobility inequality. This
asymmetry increases with bringing the i-layer nearer to
the nanowire center. At the same time, decreasing the
current density in the “long” p-i-n diode and its
increasing in the “short” p-i-n diode take place. And at
the radial thickness of i-layer, which approaches to the
bipolar diffusion length, the current density manifests a
maximum value. Above behavior may be important for
photovoltaic applications.
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AHaJITHYHA Teopisl BOJbT-aMIIEPHOT XapaKTEPUCTHKH HAHOAPOTOBOIO pagiaibHOro P-i-n giona
B.JI. Bop0auk

AHoTanisg. Y po0oTi JAeTaJbHO PO3IJISHYTO MPOLEC CTPYMOIEPEHECEHHS Y HaHOAPOTOBOMY paaiajJbHOMY P-i-n
nioni. IlokasaHo, 10 LMJIIHAPHYHA TEOMETPist CTPYKTYpH NPHUBOIAUTH A0 crienu@iuHoi acuMerpii posnojimy
KOHIIEHTpAIl] I1HKEKTOBAaHMX B I-MIap HOCIiB CTpyMy, ska oOepHeHa OO TOI, M0 3yMOBJICHA HEPIBHICTIO
pyxmmBocteit HociiB. Llst criermdiuna acuMeTpis 3pocTae 3 HaOIMKEHHSAM I-IIapy 10 IeHTpa HaHoapoty. [lpu
IIbOMY BiZI0OYBA€THCS 3MEHIIICHHS TYCTHHH CTPYMY B «IOBIOMY» P-i-N miofi Ta ii 30iIbIICHHS B «<KOPOTKOMY» (IIpH
JaHii mpsAMiN Hampysi). A 3MiHA pajialbHOI TOBIIMHHU I-IIapy MEMOHCTPYE MakCHMyMH B TYCTHHI CTPyMY HpH
TOBIIWHI, OJM3BKIH 10 TOBKHUHU OiNOISpHOT AU y3ii.

KunrouoBi ciioBa: HaHOAPIT THIY SAPO-000TOHKA, padiabHUIT P-i-N 410/, BONBT-aMIICpHA XapaKTePUCTHKA.
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