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Abstract

This article investigates theoretically electronic properties of radial type 1 p-n heterojunction in core-shell
nanowire when doping level of the wide-gap layer is significantly higher than that of the narrow-gap one. The
investigation takes into account contribution of excess free minority carriers into space charge of the narrow-gap
part of the junction. By example of strongly asymmetric p*- n heterojunction, it is shown that contribution of free
minority carriers (as distinct from contribution of free majority ones) results in increase (rather than decrease)
in both width of space charge region and built-in potential of the junction. This is important for electronics of
photovoltaic devices. Value of the effect depends on p*- n junction radius.

Keywords: Built-In Potential, Core-Shell Nanowire, Depletion Width, Energy Band Structure, Radial P-N Heterojunction,

Space Charge.

Introduction

Currently semiconductor nanowires are used mostly in
the form of multilayer structures in which material and/
or doping type changes either in radial or axial direction. In
particular, nanowires with p-n junctions have found broad
and numerous applications as photo detectors (Costas et al.,
2020), photovoltaic devices (Zhang & Liu, 2019), (Goktas et
al., 2018), light emitting (Nami et al., 2018) and laser (Hua
et al.,, 2009) diodes, tunnel diodes (Darbandi, et al., 2015)
and bipolar transistors (Liborius et al., 2020). Numerous
investigations have shown that radial core-shell nanowires
have certain advances compared with axial ones because shell
structure of nanowires provides, in particularly, passivation of
their internal layers.

Unlike traditional electronics (microelectronics) where
semiconductor structures are planar objects, the core-shell
nanowires have cylindrical geometry that changes radically
their electronic properties. In particular, in radial p-n junctions,
depletion width in the core increases with decreasing junction
radius, and depletion width in the shell, vice versa, decreases
(Borblik, 2017; Borblik, 2018a). Wherein if in homojunctions,
this influences only on position of the depletion region, then
in heterojunctions, energy band structure are rebuilding,
because change of the partial depletion widths results in
change of relative contributions from different materials to the
total depletion width. Furthermore, electronic properties of
core-shell nanowires depend on sequence order of the layers
relatively nanowire center (Borblik, 2018b; Borblik, 2024).

When considering p-n hetero junctions of 1st type, there are two possible configurations of composite materials (Figure 1):
narrow-gap core/wide-gap shell (a) or, vice versa, wide-gap core/narrow-gap shell (b).
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Figure 1: Possible energy band arrangement for type I p-n heterojunction; here £  and £, are bottoms of the conductivity bands,
E ,and E , are tops of the valence bands, AE, and AE, are the energy bands discontinuities, £ , and £ , are the energy gaps, E
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and E, are the Fermi levels.
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If doping level of the wide-gap material is lower than that of
the narrow-gap material, then in configuration (a), electrons
transferred to narrow-gap part of the junction recombine with
some part of holes; the rest of holes can diffuse into the n-part
of the junction. In a similar way, in configuration (b), holes,
transferred from wide-gap part of the junction to narrow-
gap part, recombine with some part of electrons; the rest of
electrons can diffuse into the p-part of the junction. Under
these conditions, there are no free current carriers in proximity
of metallurgical boundary of the junction. Space charge is
created approximately by ionized impurities only (depletion
approximation).

Depletion approximation turns out strict absolutely if doping
levels are equal; then all current carriers transferred from the
wide-gap parts to the narrow-gap ones recombine completely
and space charge in the junction is created exclusively by
ionized impurities. But if doping level of the wide-gap material
is higher than that of the narrow-gap material, the latter acquires
excess amount of free carriers which give contribution to space
charge density in narrow-gap parts of the junction comparable
with (and even much more than) contribution of ionized
impurities. Below namely this case is considered theoretically.

Theory

We consider here radial p*- n hetero junction in configuration
(b) (Figure 2). In this figure, r, is boundary of space charge
region in the core, 7, is boundary of space charge region in the
shell, and r is the p-n heterojunction radius.

Figure 2: Schematic view of a radial p*- n heterojunction.

Starting equations of the task are the Poisson’s equation for
two regions:
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where V, , V_is electrostatic potential left and right relative

r, q is electron charge, ¢,, €, are dielectric constants of the
materials, §, and N,,are acceptor and donor concentrations,

respectively, p =n,-N,, iS excess concentration of free

holes in the narrow-gap shell, is the Boltzman’s constant, 7 is

absolute temperature.

(aV, ]
kT )

In depletion approximation, i.e. without of term P« €%P|

solution of Eq. 1 is given by two transcendent equations for r,
and r, which have to be solved jointly:
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All the rest quantities are expressed through them. Built-
in potential V,, is determined by ionized impurities only in
standard way.

Taking into account in Eq. 1b the contribution of free carriers
we have non-linier equation of the 2™ order.
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where a=—qNpyfes, b=—qp, fe,. We reduce this

equation to the system of differential equations of the 1% order
dv, _dy .
dr  dr °° ®)
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dr r (6)

At the boundary condition y,(r ) = 0 (electric field at edge of
space charge region equals to zero) we obtain

m->=—§{’j[a+bexp(mwcr}-'dr'

Then expression for electrostatic potential at boundary
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condition y; (7, ) = M1 is
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7" contains contribution given by free holes.

where Iy;
Solution of Eq. la which satisfies boundary conditions
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Use of conditions of continuity of electrostatic induction and
potential at interface r, allows us to calculate parameters 7,
and 7, solving Egs. 10 11 jointly

v (r)= )

2
dV;(I )_q\r“ 0= Ty _
T

. , ]
- %‘ {L j [a + bexp (qyl () XkT ﬂf dr J}

(10)
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Knowing general character of solution for potential (from
the depletion approximation) it is not difficult by means of

I

variation of 7 , r and V", to pick up numerically y, (r) which
satisfies Eq. 8 with as high accuracy as you like.

Results of the Numerical Calculations

For numerical calculations, hetero-pair GaAs/Ge was chosen
as the closest to model of ideal heterojunction in view of
close lattice constants. Parameters of both materials are taken
from book of (Sze & Ng, 2006). Solutions of Eq. 8 obtained
by means of above mentioned procedure at two values of
acceptor concentration N,, = 2-10" and 5-10'® cm™ and donor
concentration N,, = 10" cm™ (at the interface radius equal
to 500 nm) are presented in Figure 3. Results of the depletion

approximation are shown as well by dash lines.

It is seen from the figure that radial thickness of space charge
region w = r - r, (as well as value of built-in potential)
significantly increase at accounting of contribution of free
carriers, in comparison with the depletion approximation.
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Figure 3: Graphs of solution of Eq. 8 with discrepancy
between trial (i.e. located under integral) and obtained (after
integration) solutions less than 0.1 %.

Itis well known that taking into account contribution of majority
carriers to space charge of p-n junction gives decreasing in its
depletion width and built-in potential (Sze & Ng, 2006). As
it follows from our results, taking into account contribution
of minority carriers results, vice versa, in increasing in
dimension of space charge region and built-in potential of p-n
heterojunction.

Effect depends on junction radius. Behavior of electrostatic potential at interface radius of 500 nm (black), 100 nm (blue) and

40 nm (red) is presented in Figure 4 .
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Figure 4: Radial distribution of electrostatic potential in the space charge region;

(A)- N, =210" cm®, (B) -

N,,=510" cm?.

From these distributions, explicit dependencies for total radial thickness of space charge region w and built-in potential y;""
on interface radius follow as presented in Figure 5 (in comparison with the depletion approximation results represented by dash

lines).
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Figure 5: Dependencies of (A) total space charge region thickness of the heterojunction and (B) built-in potential on interface
radius 7, .
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These dependencies demonstrate brightly role of curvature of the junction: at chosen doping levels, decreasing of the junction
radius results in decreasing of large thickness of space charge region in the shell at insignificant increasing small thickness of
space charge region in the core; so the total space charge region decreases. It should be noted that in the case of planar p*-n
junction (that corresponds to large value of 7 ), considered effect is particularly significant.

Behavior of built-in potential Fb’;mf with junction radius is qualitatively analogous. And its value is particularly large in “planar”
case and falls with decreasing of the interface radius.

Figure 6 shows corresponding radial distributions of holes concentration in the space charge region at interface radius of 500 nm
(black color), 100 nm (blue color) and 40 nm (red color). It corresponds completely to radial distribution of potential. At higher
doping level of the core, the built-in potential is, as a whole, higher, and the holes concentration reaches lower values.
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Figure 6: Radial distribution of holes concentration in space charge region;
(A)N,, =2-10®cm? (B) - N ,=510" cm™.

It is of interest also to build energy band structure of the p*-GaAs/n-Ge heterojunction. The energy band discontinuities AL,
and AE needed for this, are known with great scatter. We use values AE, = 0.11 eV and AE = 0.65 eV which are common for
two independent papers (Riben & Feucht, 1966) and (Donnelly & Milnes, 1967). Figure 7 demonstrates the calculation results
at large interface radius (500 nm) showing comparison between the correct solution of the Poisson’s equation and the depletion
approximation. It is obvious that the correct solution noticeably increases heterobarrier.

0.2 4 0.2-
0.0 i B
0.2 0.2 N, =510"em™
04 4 -0+ H_=10" em”
= 06 D6
8 © s
E'.-‘ 08 =]
E 1,0 g 1.0+
w12 ;E ERE
1.4 =14
1.5 o 164
4.8 1.8
2.0 4 204
2.2 - -2.2
T T T T T T T T T 1 _:A - T - - - - . - - -
450 480 500 520 540 560 580 600 G630 64D 66D 450 50O 830 B40 560 SRD 60D 630 G40 860
r, nm r, nm

Figure 7: Energy band structure of the p*-GaAs/n-Ge heterojunction at acceptor concentration of (A) 2-10" cm?and
(B) 5-10'8c¢m™ in comparison with depletion approximation results (dash curves); interface radius equals to 500 nm

Figure 8 presents comparison of energy band structures of p*-GaAs/n-Ge heterojunction at two interface radiuses - large (500
nm) and small (40 nm). Transfer from large radius to small one is accompanying by significant going down of the heterobarrier.
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Figure 8: Energy band structure of the p*-GaAs/n-Ge heterojunction at interface radiuses of 500 (black) and 40 (red) nm; the
acceptor concentration is (A) 2-10'* cm™ and (B) 5-10' cm.

Discussion

Correct solution of the Poisson’s equation with taking into
account contribution of free (in given case - minority) carriers
results in significant change of the calculations results.
Cylindrical geometry of nanowire imparts to these results
yet dependence on p-n junction radius. Fundamental results
concerning built-in voltage of the junction and dimension of
its space charge region determine all other peculiarities of
electronic properties of the heterojunction (character of spatial
distribution of free carriers, value of heterobarrier).

From practical point of view, right doping of layers of p-n
heterojunction of the 1% type, namely- doping level of the
wide-gap material has to be higher than doping level of the
narrow-gap one — can raise additionally its built-in voltage
at the expanse of excess free minority carriers which appear
in narrow-gap part of the junction. This fact and well known
result of decreasing in built-in voltage of p-n junction when
taking into account contribution of free majority carriers are in
complete logical correspondence.

Fact that effect studied is particularly significant at large
junction radius allows us to suggest that analogous effect has to
take place also in planar electronic devices of analogous type.
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Conclusion

Thus, correct solution of the Poisson equation with taking into
account contribution of free (in given case - minority) carriers
results in increasing in both thickness of space charge region
and built-in potential of p*-n heterojunction of the 1* type. If
one remember that taking into account contribution of free
majority carriers results in decreasing in both these parameters,
then this fact looks as completely logical.

It is interesting that considered effect proves to be particularly
significant in planar electronic devices of analogous type.
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