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1. Introduction

Abstract. Transport theory for modeling the electric characteristics of high-quality p-n
diodes has been developed. This theory takes into account a non-uniform profile of p-
doping, finite thickness of the quasi-neutral regions and possible non-uniformity of the bulk
recombination coefficient. The theory is based on related solutions of the Poisson equation,
drift-diffusion equation and continuity equation with a generation-recombination term
taking into account the simple band-to-band generation/recombination model. We have
ascertained that the non-uniform profile of p-doping can lead to formation of p-n junctions
with a specific two-slope form of the electrostatic barrier and two regions with the high
built-in electric fields. We have found that at strong p*-doping the band structure of the
InSb p-n junction has the form that can facilitate the emergence of additional mechanisms
of current flow due to the tunneling and avalanche effects at the reverse bias. Using the
literary data of the electron and hole lifetimes in InSb at cryogenic temperatures, we have
found that the coefficient of bulk recombination can have an essential spatial dependence
and considerably increases in the space charge region of p-n diode. The theory was applied
to our analysis of p-n InSb diodes with p*-doping by using Be-ion implantation performed
in ISP NASU. The theory predicts optimal conditions for detection of infrared emission.
The technological process of fabrication, processing and testing has been described in
details. Theoretically, it has been found that for parameters of the fabricated diodes and at
77 K the dark currents limited by diffusion and generation-recombination mechanisms
should be less than 0.1 pA at the inverse bias of the order of 0.1 V. The measured diode’s I-
V characteristics were expected to have strong asymmetry, however, dark currents are by
one order larger than those predicted by theory. The latter can be associated with additional
current mechanisms, namely: tunneling and avalanche effects.
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minima in the atmosphere. Indeed, InSb remains the most
used material for MWIR imaging, showing a cut-off

Nowadays, narrow bandgap semiconductor compounds
like to indium antimonide (InSb) and CdHg,_,Te alloy
still remain the actual and key elements for modern
infrared (IR) technologies [1, 2]. These technologies are
oriented on the development of efficient photodetectors
for different applications, including IR imaging system,
short range communication, security system, atomic and
molecular spectroscopies, biochemical SEnsors,
astronomy and civil space applications, military
applications, etc. [3]. Within the actual IR range, there
are two important bands 3...5 and 8...12 um, which are
referred to as mid-wave IR (MWIR) and long-wave
(LWIR), respectively. They correspond to absorption

wavelength at 5.5 um at 77 K, because the InSb band
structure is favorable for fabrication of efficient IR
photodetectors.

Intensive studies of physical properties of InSb
started from 60-es of the past century. These studies were
focused on both experimental and theoretical researches
of important characteristics, namely: electron and hole
mobilities [4, 5], electron and holes lifetimes [6, 7],
including the detail studies of recombination mechanisms
[8-10], optical characterization of the band structure [11],
etc. Information about basic parameters of InSb is
summarized in several recent handbooks [12, 13].

The most popular version of electronic IR
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photodetectors is the p-n diodes made from narrow
bandgap materials. Their operation principle is based on
the photoconductive effect that provides an ultimate
sensitivity of the diode’s current voltage (I-V)
characteristic to the external illumination. The InSb
infrared photodiodes operating at 77 K are commonly
fabricated by standard planar method, where the p-n
junction is formed by ion implantation of p-type
impurities on one side of an InSb bulk substrate.
Different types of the ion implanted impurities, are
discussed, for example, protons [14], Mg [15], Zn [16]
and Be [17, 18]. In spite of some obstacles (ion
implantation can damage surface and produces a
troublesome porous surface layer that is not annealed out,
even at the melting temperature of InSb, and which was
difficult to remove by dissolution [15]), ion implantation
remains the most cheap and simplest technique for mass
production of IR photodetectors.

Besides the p-n diode, other types of opto-electronic
devices were proposed. And among them, the avalanche
photodiodes should be noted [19] (where the impact
ionization properties of carriers are used), quantum well
[20] and quantum dot [21] infrared photodetectors. Two
latter examples exploit the mechanism of intersubband
excitations in quantum heterostructures with artificially
engineered band structure [22, 23]. These photodiodes
have a much narrower wavelength response compared to
that of bulk materials. However, they require the
expensive growth technologies. Further improvement of
the photodetector performance is associated with
application of special coating in the form of plasmonic or
photonic crystals, which enhances the coupling of the
electronic device with incident radiation [24, 25].

This paper is devoted to detail investigations of the
Be-ion implanted p-n InSb diode fabricated in Labs of
ISP NASU. These studies include the theoretical
modeling of the physical processes in the diode,
calculation of electric characteristics, description of
technological aspects of fabrication and, finally,
electrical measurements.

It should be emphasized that correct modeling and
quantitative analysis of the electron transport through the
p-n junction is a very complicated problem because of
the existence of different mechanisms of current
transport, which contribute differently to the total I-V
characteristic depending on parameters and quality of the
p-n junction. Among these mechanisms, there are bulk
and surface diffusion currents, bulk and surface
generation-recombination currents, band-to-band and
impurity-assisted tunneling currents [26-28]. Besides, the
effect of carrier avalanche multiplication can also occur
[19]. The existing analytical transport models that give
the general behavior of I-V dependences have a number
of restrictions for applicability. They are developed for
simplified situations, assuming abrupt doping profiles,
nondegenerate carriers or using the approximation of
short or long depletion regions. The more rigorous
calculations face with the difficulties of the numerical
solutions of corresponding equations (typically, it is drift-
diffusion models with corresponding boundary

conditions). These difficulties are associated with the
existence of large parameters (ratio of widths of n- and p-
doped regions to the corresponding Debye radii) in the
corresponding differential equations. Therefore, the
numerical simulation of the diodes with wide quasi-
neutral regions and relatively short space charge region
faces with the problem of different functional
dependences of electric characteristics vs coordinates:
very smooth behavior in the quasi-neutral regions and
sharp behavior in the space charge region. To overcome
these numerous obstacles, it is often used advent
commercial device simulators with specific choice of the
non-uniform grid to realize calculations by using finite-
element schemes [19, 29, 30].

In this paper, to study electric characteristics of a p-
n diode, we used original computational algorithms and
the proper developed software. The transport model,
basic equations and analysis of the obtained electric
characteristics for the sample with modeling parameters
are presented in Sections 2 and 3. Then, the developed
theoretical approaches were applied to calculate the I-V
characteristics of fabricated p-n diode. The details of this
fabrication are discussed in Section 4. The comparison
and analysis of the calculated and measured I-V
characteristics are given in Section 5. Section 6
summarizes the basic results and contains discussion of
further directions of investigations.

2. Theoretical model and electrostatics of the p-n
junction (rigorous calculations)

Let us assume the InSb sample with inter-contact
distance, L, along x-axis. The theory is developed for the
case of the 1D consideration of the electron transport,
which implies that other dimensions of the samples are
much greater with respect to L. The sample is uniformly
low-doped with n-type Te donor impurities. The donor
concentration is assumed to be N, and all donor states
are ionized. The latter is realized for Te donors even at
nitrogen temperature [12, 31]. In order to create the p-n
junction, for instance, the right part of the sample should
be heavily-doped by p-type Be impurities with some
distribution N, (x). The Be impurities as well as other II-
group elements are the shallow acceptors in the InSb [4].
In the model, all acceptor levels will be also considered
as the ionized ones.

The modeling of electric characteristics of the InSb
p-n diode begins from the equilibrium case. Calculations
of the equilibrium electrostatic characteristics, such as
spatial distributions of the built-in electrostatic energy
(potential profile), electric field, electron and hole
concentrations, etc., are reduced to the solution of the
Poisson equation:

d*o(x) _ 4me
dxz Ko

where 0(x) is the electrostatic potential, e — elementary

[n(x) =N, - p(x)+ N, ()] , (1)

charge, and ¥, being the static dielectric permittivity.

The Poisson equation (1) should be supplied by

Korotyeyev V.V., Kochelap V.O., Sapon S.V. Be-ion implanted p-n InSb diode for infrared applications. Modeling, ...

295



SPQEOQO, 2018. V. 21, N 3. P. 294-306.

definition of electron, and hole,

n(x), ),
concentrations. In the case of the arbitrary degeneracy of
carriers, the latter quantities can be expressed in terms of
the special function — Fermi—Dirac integral of Y2 order,

F(x) [32]:
n(x) = N F 5 [(eg +e0(0)/kpT],
p(x)= NvFl/z[(_aF —& —eq)(x))/kBT] . )

Here, N, =21/2mg’,/v2 (kBT)3/2/7r2h3 are the effective

densities of states in the conduction (c) and valence (V)
bands, respectively, m, — electron effective mass, m, —
hole effective mass of density of states, 7 — Dirac
constant and 7 — ambient temperature. Eqgs. (2) were
obtained under assumption of the parabolic dispersion
law of carriers, where g, is the bandgap between
conduction and valence bands. At the equilibrium, the
Fermi level, er, should be constant across the whole
sample.

Eq. (1) together with Egs. (2) form the non-linear
differential equation of the second order, which in the
dimensionless variables can be written as follows:

d*®(X) _ [\ a1
dX2 - [NCEIZ (§F ¢) 1
—NJF (@ -& —&, )+ Ryr(X)]=p/(X), 3)

where @ =—e¢/kgT, &, =£F,g/kBT, N.,=N.,/N,
and Ry =N,/N, (here N, denotes the maximal value of
acceptor concentration). The quantity p'(X ) has the
meaning of the dimensionless total charge density. The
dimensionless profile of the p-doping, r(X), is the
function of the dimensionless coordinate, X = x/Lp,

which is scaled on characteristic Debye radius of
electrons in the n-doped region of the sample,

LD=1/K0kBT/47te2Nd. Solution of Eq. (3) requires

specification of the boundary conditions and
determination of Fermi level, &g. Without loss of

generality, we apply that
O(-L,)=0, D(L,)=,, “)

where L, » are the dimensionless coordinates of the left

and right ends of the sample (interfaces between InSb
and contacts). P, is the height of the built-in
electrostatic barrier. In our model, we assumed that
contacts are Ohmic, and ones sustain the charge
neutrality in such a manner that the total charge density,
p’(X), is equal to 0 at X =L,,L,. Thus, & and @,

can be determined as the solutions of two non-linear
algebraic equations:

p'(-L) =-[N/F,(Er)-1-

—N;Fl/z(—gF—‘:g)+Ror(—L,’1)]=Oa (4a)
p'(L,) = ~NF G -®,)-1-
_N;FIIZ((bb_gF_E.vg)"'ROr(L;)]:O' (4b)

The joint solution of Eqs.(3) and (4) allows us to find all
electrostatic characteristics of the p-n diode under
equilibrium conditions, when taking into account an

arbitrary degree of carrier degeneracy and non-uniform
profile of p-doping. The proposed model of the p-n
junction is more general in contrast to the simplified
models discussed in many textbooks [for example, see
Refs. 32, 33]. Unfortunately, for the case of arbitrary
form of the profile, r(x), the formulated system of
equations has no simple analytical solutions. It should be
solved only numerically as a boundary-value problem
(BVP) for non-linear ordinary differential equations (3)
with & and @, that should be found from Egs. (4a) and
(4b).

For the solution of BVP, we used the finite-
difference method which reduces Eq. (3) to the system of
the non-linear algebraic equations. The latter can be
solved using the Newton method with step control. The
briefly described procedure has been realized in the form
of the working subroutine in Fortran-source libraries.

However, successful implementation of the
computations strongly depends on the choice of the
initial guess of potential profile. We checked that for the
case of the monotonic profile, r(x), good initial
estimation can be given by the form of potential profile
obtained for the abrupt (step-like) p-doping profile,
r(X)=0(X) (where 6(X) denotes the Heaviside step
function). Moreover, at r(X)=0(X) the solutions of
Eq. (3) can be found analytically by quadratures.

2.1. Step-like p-doping profile

To model the step-like doping profile, we used Eq. (3)
that belongs to the class of second-order differential
equations with independent variable missing. Indeed,
Eq. (3) can be rewritten in the form of two first-order
differential equations:

2

%zZp'_Ub), 0<P<d,, (52)
7412

d(ET)zzp”(@), P, <P<D,, (5b)

where E’=d®/dX is the dimensional electrical field in
the units of Debye field E, =kgT/eL, , superscripts F

designate quantities related to the regions, X <0 and
X > 0, respectively, electrostatic potential at the interface,
P, =9(0), and total charge densities are
p(P)= —[N;Fuz(&F -®)-1-N', F1/2(‘I)_§F -&, )]
and
P (P) = _[N;Fuz(&F —<I>)—1—N;FI,2(<I> —&k _ég)JfRo]-
The solutions of Eqgs. (5a) and (5b), which satisfy
E~(-L)=E, and

the  boundary conditions,

E™" (L;,): E% (note, in the case of the bounded sample,

fields are not zero) can be written as follows:
172

D
E-=|E?+2 J' ddp (@) . 0<®<d,,  (6a)
0
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1/2

o

E*=|EZ+2 IdCIJ'p”’((I)') , @, <d<D,. (6b)
@y

Having, the formulae 6(a) and 6(b), the spatial

distribution of the potential profile can be obtained in the
form of the implicit functions:

P ’

X=_,;+j /dq’/ 0<o<d, (X<0), (6¢)
< £ (@)
T o

X:L;+J'T ®, <<, (X>0). (6d)
o, £ (@)

Three entered unknown parameters E;,Ep and &,

should be determined from the requirements of the
continuity of electric field and potential at the interface,
X=0:

Di Di
E2+2 j A’y (@)= E2 +2 jdcb’p" (@)
0 Db
T de
_Ln + .[— =
E™ (@)
0
di dq)'
L+ j =
14 ’ ’
8, E7(@)

The solutions of nonlinear algebraic system of equations
(6e) can be found numerically.

Thus, the sequential solution of the (4a), (4b) and
(6e) with further tabulation of 6(c), 6(d), 6(a), 6(b) and
(2) finalizes the search of equilibrium electrostatic
characteristics, including spatial distributions of the
potential, electric field, carrier concentrations and total
built-in charge for the case of p-n diode with step-like p-
doping profile. After obtaining these functions, we can
numerically solve BVP (Eqgs. (3) and (4)) for any
monotonic profile r (x).

If the contacts are placed far from the space charge
region, in the depth of the quasi-neutral regions
(L,'L p > 1), the simpler model of the unbounded sample

can be successfully used to determine the initial guess for
the assumed electrostatics problem. In the frames of this
model, the spatial profiles of the electric fields and
potential energy are given implicitly by the formulae
(7(a), 7(b)) and (7(c), 7(d)), respectively.

172

63}
E = zjdcp’p’-(cp') , 0<D<dD,, (7a)
0
- 1/2
[}
E = 2jdc1>'p'+(c1>’) , D, <D<D,, (7b)
L ®»
] ,
X:J‘ ,dq),, 0<P<D,, (7¢)
5 ET(@)

i

d®’

b q) [
E™* (@)

[ SD<

D, . (7d)

()
X=j
oy

2.2. Smooth doping profile and results of calculations

The developed procedure is illustrated by the calculations
of equilibrium electrostatic characteristics of the InSb p-n
diode with the following model parameters: N, =
107 em™, Ny;= 10% em™ (Ry=100), T=77 K. In this
case, the Debye radius Lp = 0.075 pm, and Debye field
E,;= 0.85 kV/cm. The p-doping profile is assumed to be
given by the model function

r(x) = [tanh (oX ) + 1]/[tanh(0cL;, )+ 1]

parameters, o, that describes the abruptness of the p-
doping profile. Note, at o — o, r(x) > 0(x). The
results of calculations for the electrostatic characteristics
are shown in Figs. 1a to 1d. We considered three forms
of the smooth p-doping profile calculated at o =2, 1, 0.5
(see inset in Fig. 1a). For comparison, the results for the
step-like p-doping profiles are also shown.

As seen, for the case of N,>> N, and step-like
profile of r(x) the space charge region is mainly formed
to the left from n-p interface with the typical width of
10Lp (~1 pm). The height of the electrostatic barrier ®,,

is approximately equal to 20, which corresponds to
0.13 V. Due to spatial redistribution of electrons and
holes, the strong built-in electric field with amplitude
close to 10E; (~8 kV/cm) occurs at the interface, X =0
(see dashed curve in Fig. 1b). Two quasi-neutral regions
are formed beyond the interface at X < —10 (n-doped) and
X > 0.5 (p-doped). In these regions, the concentrations of
electrons and holes are almost equal to the donor, N,, and
acceptor, N, concentrations, respectively. The Fermi
level lies inside the bandgap, and it passes at the distance
of several kgT below the bottom of the conduction band
in the n-region and above of several kg7 with respect to
the top of the valence band in the p-region. As seen from
Fig. Ic, the minor charge carrier concentrations
(electrons in the depth of p-region and holes in the depth
of n-regions) are 10 orders less than the respective major
charge carrier concentrations (electrons in the depth of n-
region and holes in the depth of p-regions). The total
charge density distribution (Fig. 1d) is positive left from
interface and negative right from interface. Moreover, the
specific plateau is clearly seen in the region of
X =-5...—1. The emergence of this plateau corresponds
to the absence of the mobile carriers of both signs (totally
depleted region or Schottky layer).

The curves /-3 demonstrate effects of smoothing in
the p-doping profile. With decreasing the parameter a,
the width of space charge region essentially increases.
The potential profile acquires the two-slope form. The
observed maximum of the built-in electrostatic field is
shifted to the n-region with decreasing its amplitude. So,
for a=0.5, the electric field reaches the value of 4E,
(~3 kV/cm) at X =-5. Also, at a =0.5, the weak sign of
the second maximum formation is observed near the n-p

with some
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Fig. 1. Panels show equilibrium spatial distributions of the electrostatic energy (a), electric field (b), electron (thin lines) and hole
(thick lines) concentrations (c), and total charge density (d). The curves 1, 2, 3 correspond to the parameter o = 2, 1, 0.5 describing
the form of p-doping profile (inset in (a)). The dashed curves correspond to the case of the step-like profile, r(x). Horizontal dash-
dotted line in the panel (a) depicts the position of the Fermi level. In all the calculations, dimensionless coordinates of the contacts

are assumed to be I, =-20, L;, =2.

interface. The total charge density distribution does not
show characteristic plateau (curve 3 in Fig. 1d). In this
case, the positively and negatively charged regions are
essentially shifted to the left part of the sample.

To finalize this section, we will briefly consider the
case of the heavy p*-doped profile, assuming
N, =10" cm™. In this case, Ry =500. Calculations were
performed for smooth profile r(x) with a=0.5 and the
same other parameters. Figs. 2a to 2d demonstrate for
comparison  two cases N, 10" cm™  and
N,=510" cm™.

As expected, the increase of p-doping concentration
leads to the increase of @, as well as broadening the

space charge region. At higher p-doping concentrations,
the hole gas in the p-region becomes degenerate. The
position of the Fermi level almost coincides with the top
of the valence band in the p-region. Also, the well-
pronounced decrease in the minor electron carrier
concentrations is observed (Fig. 2c). The distribution of
total charge density shows formation of two positively-
charged regions (curve / in Fig. 2d), which corresponds
to formation of the non-monotonic distribution of the
electric field with two shoulders (curve / in Fig. 2b).

3. Theoretical model of biased p-rn diode and I-V
characteristics

Let’s the external steady-state voltage, Up, is applied to
the Ohmic contacts of p-n diode. Without loss of
generality, we assume that the left contact keeps the zero
potential. The forward biased diode corresponds to the
case of Up >0, when the built-in electrostatic barrier is
decreased. The reverse biased diode corresponds to the
case of Up <0, i.e., the external field increases the height
of the built-in electrostatic barrier. The proposed
theoretical model of the carrier transport is based on joint
solution of the Poisson equation (8a), equations for
electron, j,, and hole, j,, current densities (8b and 8c)
written in the frames of the drift-diffusion model, and
continuity equations (8d). From the continuity equations,
it immediately follows that the total current density, j,
should be constant across the whole diode (Eq. (8e)):

2
&(j‘):%[nu)—zvd—p(xwmuﬂy E<x>=‘%;
0
(8a)
o) = et n()E() + e, P )
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Fig. 2. Panels show the equilibrium spatial distributions of the same characteristics as in Fig. 1 at two different values of N,:
5-10" em™ (1) and 1-10'7 cm™ (2). The forms of the corresponding p-doping profiles are shown in the inset to the panel (a).

dp(x) .

jp(x)=el~lpp(x)E(x)—er7, (8¢)

L4 __(G+ -6, 14,9 ~(c"w-6"): 8d)
dx e dx

Jj=j,(x)+ jp (x) =const. (8e)

In Egs. (8b) and (8c), p,, and D, , are the mobility and
diffusion coefficient of electrons and holes, respectively,
and they are assumed to be constant across the whole
diode. It should be noted that out of equilibrium
(Up #0) the electron and hole concentrations are
described by the proper quasi-Fermi levels g, (x) and
€, (x) that are functions of the coordinate, i.e.,

n(x) = N.F, ,[(e,(0) +eg(0))/ K, T],

P =N,F [l e, -, —epo) k1]

The terms G* introduced to the continuity Eq. (8d)
correspond to generation of electron-hole pairs and their
recombination, respectively. In this section, we apply the
direct generation-recombination model. In this model,
G (x) -G~ (x) =—y[n(x) p(x)—nyp,] [see Ref. 32] with y
being the coefficient of bulk recombination, which has
the dimension cm?s, ny and p, are the equilibrium
electron and hole concentrations, respectively. Further, it
is convenient to express the electron and hole current
densities in the terms of spatial derivatives of quasi-

Fermi levels de,(x)/dx and de,(x)/dx as follows:

Jp = PN ,de ,(x)/dx.
These formulae are the result of the Einstein relation
between diffusion coefficient and mobility, which reads
for electrons and holes with arbitrary degeneracy as:

D, /u, =kgT [ex[l/n(c*)x dn(g*)/dg*] ! and

D, /1, =ksT/ex[l/ pn*)xdp(n*)/an*]",
respectively. The variables ¢*

Ju =n(0W,de, (x)/dx  and

and n* are the

dimensionless electron and hole chemical potentials,

respectively, ¢t = (e +ed(x))/ kT and
n*=(-ep—e, —ed(x))/kpT .
The final system of equations written in

dimensional variables, which we solved numerically has
the following form:

d*d(X ,

dX(Z ):l_NcFl/z(gn(X)_q)(X))"‘
+N;E/Z(q)(x)_gp(x)_gg)_ROr(X)’
g, (X) _ J,(X) ,

dX  NF(E,(X)-®(X))
dg,(X) _, J,(X)

>

dX p, NJF,(0x0)-¢,00-8,)
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Fig. 3. Panel (a) shows the current-voltage characteristic; (b) non-equilibrium spatial distributions of the potential profile, including
the quasi-Fermi levels of electrons (dashed lines) and holes (dash-dotted line); (c) non-equilibrium electron (thin lines) and hole
(thick lines) concentrations and (d) electron and hole current densities. The insets in the panels (a), (b) and (c) depict the form of p-
doping profile, electric field distribution and total charge density distribution, respectively. All the curves marked by 1, 2, 3

correspond to the three values of applied voltage U 2) =-5,0,5 (=33, 0, 33 mV), respectively.

dJ

n

=T[N/NF, (€, (X)-P(X))x

X Fyp(®(X) =8, (X) =&, )- N (X)P'(X)),
dJ dJ

P n

dx  dx’
where Em'p =€,, / kgT , dimensionless current densities

€))

Jop =Jnp / J, are scaled on characteristic current

density, J,; =eN,u,E,; dimensionless coefficient of
bulk recombination, C=eN,L,y/0,kgT and
N’(X),P(X) are the dimensionless equilibrium

electron and hole concentrations, respectively.

The system (9) should be supplied by the boundary
conditions inherent for the Ohmic contacts:
®(-L;)=0,

(b(_L;):(I)b_U,D’

E(-L))=¢,(-L;)=¢&,
El-L,))=¢,L,)=t:-Up. (10)

In Egs. (10), &g and @, are the equilibrium Fermi level

and height of the electrostatic barrier that are obtained in
the previous section. Up=eUp/kgT is the

dimensionless applied voltage.

3.1. Current-voltage characteristics and profiles of non-
equilibrium electrostatic characteristics

Using the results of Section 2 we developed the
procedure of numerical solution of the BVP problem for
the system (9) with the boundary condition (10). The
procedure was applied to the calculations of [-V
characteristics, j(Up), as well as the spatial distributions
of electric characteristics for the biased InSb p-n diode
with the following model parameters. The form of the p-
doping profile, r(x), is given by the function mentioned
in the previous section with the parameter o=0.5.
Dimensionless coordinates of  the contacts:
L,=-100(~-7.5um) and L), =8 (~0.6 um). In this

case, the total width of the diode base is approximately
8 um. Like to the previous section, we set N, = 10" cm™,
N, = 10" cm™ and T= 77 K. The following values of the
electron, p,= 10° cmZ/V-s, hole, p,= 10° cm*/V -S,
mobilities and the coefficient of bulk recombination, y =
5-10™ cm?/s, were chosen as for the perfect InSb sample
[12].6At these values, the dimensionless parameter, I" =
4-10™.

All the important electric characteristics of assumed
p-n diode are summarized in Figs 3a to 3d. Fig.3a
provides the result of calculations for current-voltage
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characteristics inherent to the p-n diode, neglecting the

contribution of contact resistance. At assumed
parameters, in forward bias, j(Up) shows rapid
exponential ~ growth  with  typical values of

10...150 pA/cm® within the range of applied voltages
15...35 mV. In the reverse bias, j(Up) is rapidly saturated
and has the values less than —1 pA/cm®. As seen from
Figs 3b and 3c, the space charge region (depletion layer)
of the diode has the width close to 1 pm.

With increasing the forward bias, the bottom of the
conduction band and top of the valence band (curves 3 in
Fig. 3b) drops down, which leads to shrinking the
depletion layer width and decreasing the amplitudes of
the built-in electric fields (see inset in Fig.3b) in
comparison with unbiased case. Across the whole diode,
the electron quasi-Fermi level lies above the quasi-Fermi
level of holes. In the forward bias, electrons are injected
to the p-region and holes are injected to the n-region,
which is the result of considerable increasing the minor
carrier concentrations. For example, at 33 mV the minor
carrier concentration becomes one order larger than that
at equilibrium (Fig. 3c). At the same time, the major
carrier concentration in the corresponding regions
remains practically the same as in the equilibrium state.

In the reverse biased diode (see curves I), the
situation is opposite, i.e., the conduction and valence
bands are ascended, built-in electric field is increased,
depletion layer is broadened with decreasing the minor
carrier concentrations. Also, the positions of the quasi-
Fermi levels are reversed. The hole quasi-Fermi level lies
above the electron one.

Fig. 3d illustrates spatial distributions of the partial
currents corresponding to the electron and hole flows. As
seen, both electron, j,, and hole, j,, currents demonstrate
a weak spatial dependence in the space charge region and
remain almost constant in the quasi-neutral regions. For

both signs of the applied voltage, the amplitude of | jn|

decreases and amplitude of | j p| increases while moving

from the left side (n-doped region) to the right side (p-
doped region) of the sample. Also, we found that currents
corresponding to the minor carrier concentrations
(current j, in the p-doped region and current j, in the n-
doped region) have dominating diffusive components.

At the assumed parameters, the electron current
dominates over the hole current. This observation
corresponds to the geometry of the diode, in which the
right quasi-neutral region is much shorter than the carrier
diffusion lengths.

Indeed, the obtained results of the numerical
calculations are well-agreed with the known physics of
the p-n diode. However, the analysis of the obtained
results should be supported by estimations of the
characteristic length and comparison with
phenomenological transport theory of the p-n junction
[32, 33]. The standard model that describes diffusive
mechanism of the current flowing through the p-n
junction gives the following form of I-V characteristics:
j=JjlexpleU,/ksT)-1], with j, being the dark
saturation current density. The saturation current density

s :e[Dnnp/Wn’D +Dan/Wp,D] where n, and p, are
minor electron and hole concentrations, W, p and W, p —
electron and hole diffusion lengths, respectively.
Diffusion lengths depend on the parameter vy, values of
major electron, n,, and hole, p,, concentrations, and they

are given by the  following  expressions:
Wn,D=\’ D,,/'Ypp and Wp,D=1,Dp/'Ynn . The

denominators in the latter formulae correspond to the
electron lifetime in p-region, T, = 1/ Yp, and hole

lifetime in the n-region, T, = 1/yn, . The numerical

calculation gives the following values: p,= p(L,) =
107 em™, n,= n(L) 10°cm™, n,= n(L,) =
3.8:10°em™, p,= p(L,) =~ 3.65-10'cm™. Using the
Einstein relationship (assuming Boltzmann statistics), we
obtained that D,, = 660, 6.6 cm’/s and W, p =W, p=
3.6 um. The obtained values of the diffusion lengths are
the same order of the width of depletion layer (~1 um)
and much higher than the size of p-doped (right quasi-
neutral) region. The estimation gives the saturation
current density j; = 0.2 uA/cmz. The obtained value of j
is in five times less than that obtained in the numerical
calculations. The main reason of this mismatch is the
result of the chosen values of diode’s parameters. The
standard model was developed under assumption of the
Boltzmann statistics of the carriers, narrow depletion
layer (much shorter than the diffusion lengths) and for
infinitely-long  quasi-neutral  regions. Here, we
considered the case of a short diode with a relatively long
depletion region and relatively short quasi-neutral
regions. Moreover, we took into account the possible
carrier degeneracy and specific form of the p-doping
profile. The latter is beyond the frames of the standard
model for the p-n junction.

Finally, we investigated modified /-V characteristics
versus recombination rates (Fig. 4a) and p-doping level
(Fig. 4b).

In Figs. 4, the I-V characteristics are presented in
the convenient form of the logarithmic scale and for
absolute values of the currents. As seen, the I-V
characteristics crucially depend on electron-hole
recombination rate. The currents are progressively
increasing with an increasing of the parameter y. The
obtained numerical values of the saturated dark currents,

Js ~ﬁ . We ascertained that [-V characteristics

obtained numerically can be approximated with great
precision by the asymptotic expression:
i=1J [exp (eU n/ kBT)— 1]. The results given by the
latter formula are shown in Fig. 4a by dashed curves. The
visible deviation between exact calculations and
approximations is observed only at largest recombination
parameters y = 5-10~* cm’/s. At this parameter, the slope
of I-V characteristics for the forward bias is less than 1. It
is agreed with the model of the p-n diode with the wide
depletion region (much longer than the diffusion lengths)
and high injection currents. In the frames of the latter
analytical model, /-V characteristic obeys the following

formula j = j [exp(eU,, /2ksT)—1] [26].
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eU,/k,T

Fig. 4. Panel (a): solid curves I, 2, 3 are the I-V characteristics,
1jl(Up), for different parameters of y= 5-107°, 5.107°,
5-10™* cm?s, respectively. The dashed curves are the results of
the approximate calculations mentioned in the text. Panel (b):
I-V characteristics, 1jI( Up), for y= 5:10%cm’s and for
N,=10", 5107, 2.10"® em™ (curves 2, 2¢, 2°, respectively).
The other parameters are the same as for Fig. 3a.

Fig. 4b demonstrates the weak dependence of I-V
characteristics vs concentration of p-doping at the same
other parameters.

The proposed transport theory, without any
simplification, properly describes behavior of the electric
characteristics of the p-n diode under the external bias
including the I-V characteristics in the frames of the
classic transport picture. However, there are at least two
effects remaining beyond our transport model and which
can be important for the diodes with heavy p-doping.
Both can considerably increase the dark currents. The
first one is the tunneling effect. As seen from Fig. 3b,
even at Up ~ 30 mV, the bottom of the conduction band
in the n-region almost coincides with the top of the
valence band in the p-region. It can facilitate the flow of
the tunneling current. The second effect is strong built-in
electrostatic fields of the order of several kV/cm (see
inset in Fig. 3b). At these fields, the breakdown effects
can occur (for InSb, the breakdown fields are of the same
order [12]), which can initiate avalanche current at
moderate reverse biases.

The developed numerical procedure of the
calculations for I-V characteristics was applied to the
analysis of the InSb p-n diode fabricated in ISP Labs.

4. Fabrication of the InSb photodiode under the test

The n-type InSb wafers with thickness 500 um and doped
by Te impurities with sheet electron concentration of
(0.8...2)olO14 cm™ (corresponding bulk concentrations
are (1.6...4)olO15 cm"3) were chosen as initial core
element to fabricate the photodiode. The surface
treatment was carried out by the supplier of the original
plates, and the plates were delivered in vacuum packages.
Formation of p-n junction was performed in two stages
by ion implantation of Bey" ions on the whole surface.
The beam with ion fluxes up to 10" cm™ and ion
energies 40 keV was used at the first stage. The beam
with ion fluxes 5-10"* cm™ and energies of 100 keV was
used at the second stage.

Then, the mesa structure with the depth of
1.3...1.7 um was formed by contact photolithography
and liquid etching of InSb in HF:(COOH),:H,S0,:H,0, =
20:8:20:1 etchant. The depth of the mesa structure was
chosen as based on the guaranteed removal of the Bey*-
doped InSb layer from the original structure in the
passive regions of the photodiode. Photoresist was
removed by boiling in acetone. The two-stage rapid
thermal annealing was used to activate the implanted
impurities. The first stage includes annealing at 280 °C
for 120 s; the second one includes annealing at 380 °C
for 20 s. Heating the InSb plate was carried out at the
speed close to 50 °C/s with further cooling at the speed
0.2 °C/s. Before the heat treatment, the plate was
subjected to chemical purification in NH,OH: H,0,
1:1, washed in deionized water and dried in a centrifuge
with dry nitrogen.

Then, the near-surface region of the plate was
cleaned by successive anodizing in an electrolyte of the
composition (wt.%): (CH3),NC(O)H - 70, (NH,),S,05 —
0.5, (NH»F - 0.005, C;Hs(OH); — 29.495 in two
regimes. The first regime was galvanostatic in the
electrolytic InSb-Pt cell with a gap between the
electrodes of 1 cm at a constant current density 50 pA/cm
(the process continues until the voltage between the
electrodes reach the value of 10 V). Second regime was
voltstatic with a constant voltage between the electrodes
of 10 V (the process continues until the current density
reaches the value of 0.5 pA/cm). The next cleaning
process includes removal of anodic oxide (AO) in the
solution of buffered oxide etchant in 1:10 deionized
water; sulfating of the surface in a 1 M aqueous solution
of Na,S for 3 min at 40 °C; removing the residual oxides
of InSb in solution of HCI:H,O = 1:10 with following
washing in deionized water and boiling in isopropanol to
remove residual water from the surface of the plate.

Before formation of the annular contacts, the
passivating, antireflective layer of SiN, with the
thickness 220 nm was deposited onto surface, using the
plasma-enhanced chemical vapor deposition from the
gas-vapor mixture (SiH;+ NH;+ N,) at 300 °C. The
annular  contacts were formed by  contact
photolithography and liquid selective etching of SiN, to
the InSb in the solution of buffered oxide etchant. Before
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Fig. 5. Picture of Be-ion implanted p-n InSb diode (top) and
sketch of transversal geometry of the photodiode. The size of
mesa structure is equal to 1.47 mm, the size of active region of
the photodiode is 1.3 mm.
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Fig. 6. The p-type doping profile extracted from SIMS
measurements. The form of the interpolated profile is used in
the calculations.

metal deposition, the photoresist was removed using
acetone, with following cleaning the surface in the
solution of HCl:acetone = 1:10. Covering with Cr metal
layer of the thickness 40 nm and Au with 330-nm
thickness was realized using the physical vapour
deposition at 150 °C and a pressure in the operation
chamber of no higher than 5-107° Pa. The metal contacts
of the photodiode was formed using photolithography
and sequential liquid etching of Au in the solution of
10g KI + 2.5 g I, in 100 ml of H,O at 22 °C and Cr in
solution of HCI: H,O = 2:1 at 60 °C. The photoresist was
removed in acetone.

The picture of the final prepared for use photodiode
together with the sketch of its transversal geometry is
shown in Fig. 5.

The spatial profiles of the implanted Be-impurities
were investigated using the Secondary Ion Mass
Spectrometry (SIMS) techniques with the commercial
setup Mass specrometer “Atomika 4000”. The SIMS-
profiles were recorded before and after the thermal
annealing and they did not show the essential difference.
The obtained profile of implanted Be-impurities is shown
in Fig. 6.

5. Calculated and measured I-V characteristics

The calculations of the [-V characteristics for the
interpolated p-doping profile (solid curve in Fig. 6) were
performed in the frames of the transport model discussed
in Section 3. However, here we took into account the
dependence of the electron and hole lifetimes vs
respective carrier concentrations, being based on the
literary data [6]. Fig. 7a presents the electron, 1,, and
hole, t,, lifetimes as functions of the relative distance
between the equilibrium Fermi level and top of the
valence band. Having the potential profile (Fig. 7b) and
electron, and hole concentrations (Fig.7c) obtained
under the equilibrium condition, we calculated spatial

distributions of the parameters
v,(0)=[z, (&6 +&, —@)n(x)] and
Y, (x)= [tn(ﬁF +&, —CIZ'(x))p(x)]‘1 that are  the

recombination coefficients in n- and p-regions,
respectively. In the calculations of the I-V characteristics,

we used single Y(X) (see Fig. 7d), which is the result of
the following interpolation: Y(x)="7,(x) at x<x. and

y(x):y » (x) , where x., is the coordinate corresponding
to the equality of vy, (xch): Y, (xch). As seen, this

interpolation gives practically constant values of Y(X)
in the n- and p-regions (y=~ 10~ and y =~ 3-107'" cm’/s,
respectively) and  considerable increasing  the
recombination coefficient (up to 107 cm3/s) in the
depletion region. The results in Fig. 7 were obtained for
the total diode length, L = 50 pm. The diode under test
had the full width of 500 Wm . However, we checked

that the further increase in Lp no longer affects on
dependence of j(Up) but essentially increases the
computational time. Moreover, the remained quasi-
neutral n-doped region can be treated as the part of the
contact resistance, R..

The latter can be estimated from the analysis of the
measured [-V characteristic at the forward bias.
Typically, at high forward biases the observed I-V
characteristics of p-n diode show the linear behavior with
the slope corresponding to R.. This situation occurs when
the region of p-n junction already has the resistance
lower than that of wide quasi-neutral regions including
Ohmic contacts. From the measured /-V characteristics
(dotted curve in Fig. 8), we found that R.= 72 Ohm.
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Fig. 8. I-V characteristics of the InSb p-n diode. The dotted
curves are the result of measurements at 7= 77 K. Solid curves
are the results of the calculations of dependence /,,, (U,,). The
curve / corresponds to the recombination coefficient depicted
in Fig. 7d. The curve 2 corresponds to Y 100 times larger than

0.10

that for the curve /.

For comparison, we also estimated the resistance,
R,, of the InSb n-doped wafer before p-doping
processing, as follows: R, =L/eN,u,S, with S being

current collected area. For L= 500 um, S= 0.013 cm’
(corresponding diameter of 0.13 cm), N,= 105 em™,
He = 10° cm?/V-s the estimations gives R, = 0.23 Ohm,
which is much less than R.. Thus, using the dependence
jp (Up) we calculated I-V characteristic (solid curves in
Fig. 8) in terms of total current flowing through the

diode, I,,;, and the total applied bias, U,,, where U, = jS
and U,,,= Up+ R, I,,.

The developed theory just qualitatively describes
the measured characteristics. For this, there are several
reasons that relates to both frames of the developed
theory and quality of the sample. As seen, the theory
predicts saturation of the dark current starting at
Ui~ 0.02 V. Instead of that, the experiment shows the
growth that can be associated with tunneling effect
through the space charge region or electrical avalanche
effects due to strong built-in electric fields in this region.
Also, the current leakage effects can be important. On the
other hand, this theory is developed for the perfectly
Ohmic contacts and one-dimensional geometry of the
sample. In practice, sample has two-dimensional
geometry in the sense of electrostatics. The injection
properties of the contacts should be also tested.

6. Conclusions

In summary, we developed the transport model and
efficient numerical algorithms for calculations of the
basic electric characteristics of p-n diode with spatially
non-uniform p-doping profiles. The model properly
describes the diffusive and generation-recombination
mechanisms of current flow through the diode. The
model has also taken into account the arbitrary
degeneracy of the carriers and possible non-uniform
distribution of the bulk recombination coefficient in the
different regions of the p-n diode. We have ascertained
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that the non-uniform profile of p-doping can lead to
formation of the p-n junction with a specific two-slope
form of the electrostatic barrier and two regions with the
high built-in electric fields. We have found that at strong
p*-doping the band structure of the InSb p-n junction has
the form capable to facilitate the emergence of additional
mechanisms of current flow due to the tunneling and
avalanche effects at the reverse bias. Using the literary
data of the electron and hole lifetimes in InSb at
cryogenic temperatures, we found that the coefficient of
the bulk recombination can have the essential spatial
dependence and considerably increases in the space
charge region of p-n diode. The developed theory was
adopted and applied to the analysis of -V characteristic
of Be-ion implanted p-n InSb diode fabricated in Labs of
ISP. Fabrication technology, including details of the
implantation, processing and testing have been widely
discussed. Performed calculations have predicted the
values of dark currents of order of 0.01...1 um, which is
at least 1-2 orders less than those observed in
measurements.  Moreover, the  measured [V
characteristics have shown the weak growth at the
reverse bias, instead of saturation. It can be associated
with the existence of additional current mechanisms,
namely: tunneling effect and the avalanche one. The
performed calculations of the band structures of the
biased p-n diode with the set parameter of ion
implantation indicate the possibility of the existence of
these mechanisms.

The proposed transport theory of p-n diode will be
improved and in what follows developed to the studies of
the photovoltaic characteristics. It has been planned to
develop the theory that will self-consistently includes
electron transport and electrodynamic simulations. The
planned theory will be focused on the study of the
photodiodes incorporated with plasmonic elements.
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