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When simulating an asymmetric p-n junction, the high-alloyed region in the approximation of small cur-
rents does not affect the distribution of carriers in the low-alloyed region, in which the entire volume charge
is concentrated. In this paper, an analytical estimate of the recombination current through traps in the
space charge region and in the quasi-neutral region was made. To obtain an analytical representation, an
approximation of the linearity of the potential distribution in the vicinity of the maximum recombination
cross section is used. A method is proposed to analytically estimate the integral of the specific volume re-
combination rate over a region of the space charge that cannot be taken through elementary functions. The
possibility of increasing the accuracy of the analytical estimate of the recombination current through traps
in the space charge region was confirmed. The differential ideality coefficient is determined and its dynam-
ics is analyzed depending on the voltage at the junction. Comparative analysis of the following recombina-
tion current estimates was made: the recombination current in the space charge region by elementary esti-
mate, the diffusion current from the low-alloyed quasi-neutral region, the recombination current through
traps in the quasi-neutral region, the current in the case of a linear approximation of the potential in the re-
gion of maximum recombination through the analytical integral, the real recombination current. An analy-
sis of the error in the calculation of the recombination current from the doping level of the low-doped region
and the applied voltage is presented. From the above data it can be seen that the error estimate for calculat-
ing the current through the analytical integral does not exceed 10 %, which is quite enough for its use in
simulating the recombination current of most power semiconductor devices.
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1. INTRODUCTION

When simulating photoelectric converters (PEC),
the problem of estimating the recombination current in
the space charge region of the p-n junction is often en-
countered. The currently existing numerical estimates
of the recombination current are distinguished by a low
computation rate, which is not always acceptable due
to the need for multidimensional parametric optimiza-
tion of the PEC [1-3]. The simplest analytical estimates
[4] do not provide a sufficiently accurate calculation of
the recombination current through the energy levels of
nonradiative recombination traps in semiconductor p-n
junctions and an adequate steepness of the volt-ampere
characteristic (IVC) of the PEC in the full range of
voltage variation applied to the space charge region.

When analyzing the various options for estimating
the current of recombination, the following cases were
identified that make it possible to apply an adequate
simplification of the estimate, without large errors:

—the recombination levels are located close to the
middle of the forbidden zone, which gives the right to
equate the recombination coefficients for electrons and
holes [5];

—recombination currents are calculated for the
asymmetric p-n junction, which means that the space
charge region is located entirely in the high-resistance
low-alloy region;

— the currents flowing through the p-n junction are
so small that the Fermi quasi-levels are practically not
perturbed by the flowing currents, and the Fermi qua-
si-levels are taken at the boundary of the space charge
region (SCR) and the quasi-neutral region (QNR) [4].

When calculating the asymmetric p-n junction, the
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high-alloyed region in the approximation of small cur-
rents does not affect the distribution of carriers in the
low-alloyed region, in which the entire volume charge
is concentrated. The distribution of concentrations is
determined entirely by the applied voltage.

The effect of the high-alloyed region is manifested
only when the voltage approaches the contact potential
difference of the semiconductor junction. In this case,
the boundary conditions for minority carriers cease to
be valid in the approximation of small currents [4] and
the perturbation of concentration profiles by the flow-
ing currents must be taken into account.

Thus, in the approximation of small currents when
calculating the concentration profiles, this makes it
possible to obtain a solution to the problem of estimat-
ing the recombination current, considering only the
low-doped region without joining solutions with the
high-doped region (equality of concentrations and their
derivatives), applying a simplified boundary condition,
for minority carriers:

U
Py, =Dyo-€xXp| — |,
i

where p,, p,, are the concentrations of nonequilibrium

and equilibrium minority carriers at the SCR bounda-
ry, respectively, ¢, is the temperature potential.

In the approximation of small currents, the varia-
tion of voltage on the SCR of the transition is limited
by the contact potential difference, from which the
doubled temperature potential is subtracted, since the
action of currents is always manifested above this volt-
age. Even more stringent voltage limits are imposed by
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the Schottky approximation. In this case, the voltage
variation is limited by the collapse of the SCR, depend-
ing on the concentration of donors in the low-alloyed
region. A transition when this voltage is exceeded, of
course, does not disappear, but the space charge region
is absent, and the diffusion approximation ceases to be
valid:

U, =29 -(ln(N%)+ln(5)),

where 6 is the accuracy of determining the charge in
the SCR.

Accounting for the high-alloyed region of the aniso-
typic p-n junction is possible through the contact poten-
tial difference (CPD). A more detailed analysis of the
voltage variation at the semiconductor junction in the
context of the error analysis for estimating the bounda-
ry conditions of small currents requires separate con-
sideration.

2. GENERALIZATION OF MODELS OF
SHARP ASYMMETRIC SEMICONDUCTOR
CONTACTS

Let us consider analytical estimates for two applica-
tions: the calculation of the characteristics of a sharp
asymmetric semiconductor p-n junction and the contact
of a metal with a donor semiconductor. We introduce
the following characteristics:
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where Ag, ,, is the additional CPD of a heavily doped

semiconductor or a metal in the state of thermodynam-
ic equilibrium (TDE) relative to nondoped semiconduc-
tor, @y is the work function of a metal or an acceptor
semiconductor, Ag,; is a CPD of a donor semiconductor
relative to nondoped semiconductor in the state of
TDE, U is a positive voltage applied to the SCR of a
semiconductor junction reducing the CPD, ¢, is a CPD

across the SCR of a semiconductor junction.

3. DESCRIPTION OF THE SPACE CHARGE
REGION MODEL AND THE INITIAL
ESTIMATE OF THE RECOMBINATION
CURRENT THROUGH THE TRAPS

When estimating the recombination current, for
definiteness, consider the SCR in the donor semicon-
ductor. For a sharp asymmetric p-n junction, we will
have expressions for the junction width and electric
field strength:

E‘xp:_qeia B= _qeid’ P _E%‘ ’
&€& €&, xp
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where Na, Ng are the concentration of donors and ac-
ceptors, ¢1is the dielectric constant, ¢,, is the CPD, Uis
a positive voltage applied to the semiconductor junc-
tion.

Taking into account the effect of mobile carriers on
the charge density distribution profile [10], it should be
noted that the electric field at the transition boundary
does not decrease to zero, but extends into the QNR.

The profiles of the electric field and potential will
have the form [4-6]:

E, (x)=-E,(x-95,),
Ap,(x)=0,(x)-0,(3,),
Ag,(x) = —E‘xn'i(x _25")2 ,

2:(p,,-U)
En(x) is the profile of the electric field strength in the
SCR, Ag,(x) is the increment of the potential in the
SCR measured from the boundary of the QNR.

The distribution profiles of the concentrations of elec-
trons and holes in the SCR in the approximation of the
smallness of the transition currents will have the form:

where J, = is the thickness of the SCR,

_ 2
n(x) = n, -exp(- (’“L—‘S")) ,
E
)2
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¢t LE

2.
where Ly = \(D‘

is the characteristic length of the SCR,
ng, po are the unperturbed concentrations in the depth of
the semiconductor, respectively, of electrons and holes.

The estimation of the rate of bulk recombination
through the trap was made in the approximation of the
prevalence of recombination through one sort of recom-
bination centers [5]. The concentration of free carriers
nr, pr in the zones when the Fermi level coincides with
the level of the trap and the speed of the recombination
Rioy are:

En,; Ep,
) P, =N, )
) =N e ()

r Y7 Ny (np-1y-py)
e (n+n)+y, - (p+py)’

n; =N, -exp(

where v,, v, are the average thermal velocities,
Yu = OnVns % = OpVp, are the coefficients of non-radiative
recombination, o,, o, are the effective cross sections of
the processes of non-radiative recombination, N, is the
concentration of traps in the semiconductor.

Considering the approximate equality of recombina-
tion coefficients, we make the simplification of the for-
mulas for the rate of bulk recombination:
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An elementary estimate of the recombination cur-
rent in the SCR will have the form], but taking into
account the fact that the width of the SCR depends on
the voltage, the exponent is replaced by a hyperbolic
sine, to determine the IVC in the low voltage region, we
obtain:

2
. 3 2-q,-y-Np-n"-0, sh( U )
Jrec_oce = Pon =00 Pon —APs 2.9
. Y t
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Usually, for a symmetric transition, an estimate of
the maximum recombination in the middle of the po-
tential jump is chosen. Taking into account the above,
the estimated potential for a sharp asymmetric transi-
tion needs to be taken on a quarter-vertical of the po-
tential jump of the SCR from the side of the weakly
doped QNR (Fig. 1).

J, MA/cm?

-04  -02 0 02 U ru

Fig. 1 - Recombination current density (mA/cm?) depending on
the applied voltage (relative units in CPD fractions) through the
levels of traps located in the middle of the forbidden zone and
justification of the choice of a fixed potential cross section of the
integral recombination estimate in the SCR

4. MAXIMUM RECOMBINATION CROSS
SECTION AND IMPROVED ANALYTICAL
EVALUATION OF THE RECOMBINATION
CURRENT

Analyzing the true recombination profile, it should
be noted that it has a maximum recombination cross
section in the SCR [7]. Moreover, as the voltage in-
creases, the coordinate of the maximum recombination
profile has a minimum, and then slightly increases
(Fig. 2).
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Fig. 2 - Dynamics of the cross section of the maximum recom-
bination with voltage variation on the SCR of the transition

(-=--- is the SCR width, — — is the coordinate of the maximum
recombination)
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where x,,., is the coordinate of the maximum recombi-

2-5-¢,

nation section, &, = \/q (AP, + Ap,; —~U) is the
e *Vid
SCR width.

However, the cross section of the maximum recom-
bination is in the SCR only up to the boundary voltage
Us, and then the cross section of the maximum recom-
bination passes into the low-alloy QNR of the semicon-

ductor

n
U,=g¢,-In(—2).
D

no

In fact, the boundary voltage is the collapse voltage
with equal concentrations of dopants and mobile carri-
ers (100 % error in determining the depleted region)
[10], that is, Schottky approximation on the profile of
the electric potential ceases to be valid.

Analytical expression of the recombination current
through elementary functions is impossible. Therefore,
to obtain an analytical representation, an approxima-
tion of the linear distribution of the potential in the
vicinity of the maximum recombination cross section is
used (Fig. 3):

Emax = En(xmax)’ Agomax = A¢(xmax)’
A(p;v,J/yur(:X:) = APpax ~Emax - (x _xmax) .

The true and approximation recombination profiles,

in the approximation of linearity of the potential in the

vicinity of the maximum recombination cross section,
will look like that shown in Fig. 4.
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Fig. 3 — Linear approximation of the distribution of the SCR
potential in the vicinity of the cross section for maximum re-
combination (— linear approximation, - - - real distribution)
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Fig. 4 - Dependence of the rate of volume recombination on
the coordinate in the SCR ( — linear approximation A®n_apr,
- - - real distribution)

1102
1102 L L _

110" | -
1'1018 | . 1< _

L P R

110 = /- /7

15 ' 7 - /\\'..
110 =/ Ly N - -
/ g
110™ K, - \ T

110" |/ /
1102 /)
1 -/

110 | / -
10 J

1-10
0 0.5 1

Fig. 5 — Changes in the velocity profile of the bulk recombina-
tion in the SCR at voltages U=0.1...0.6 V, (bottom to top)

The dynamics of the change in the recombination
profile with voltage is shown in Fig. 5. From a compar-
ative analysis of the recombination profiles, it can be
seen that in the depth of a semiconductor, the use of
approximation leads to an underestimation of the re-
combination rate, with the maximum recombination
cross section approaching the SCR-QNR boundary, the
electric field strength decreases to zero. In fact, the
strength of the electric field does not decrease to zero,
gradually passing into the QNR.

Thus, the limit of application of the approximation
is determined by the integral error of the approxima-
tion of the potential of the SCR, within the limits of a
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change in the recombination profile from the maximum
to values that contribute within the error limits of the
recombination integral.

5. NUMERICAL EXPERIMENT

The numerical experiment was performed on the
hyper-space of scalar parameters, the characteristics of
which are given in Table 1.

Table 1 — Characteristics of the parameters of the model

Designation Minimum | Support  Maximum | Points Unit
U 0.01 0.5 0.85 33 B

N, 1015 1015 1018 13 | 1l/em3

N, 1010 1012 1015 13 | l/em3
E, —0.28 —0.56 —0.84 33 eV
dn 0.01 0.03 0.03 7 S

Non-radiative recombination coefficient through re-
combination centers for Si adopted y=3.3-10-7 cm?/s.
The formulas for the approximation coefficients will be:

U,
k>0, k:_%’ a:},.NL.niz.(e/@ -1),
P

+E X,

Pmax +Emax Xmax U Pmax*Emax *max

— . P —
b=n, e , C=Dy

d=n;+p;,

e? e P

where k&, a, b, ¢, d are the auxiliary coefficients of the
analytical estimates of the current recombination in
the SCR.

The general form of the approximation profile in the
approximation of the linearity of the potential in the
vicinity of the recombination maximum will be:

a

Rlov_apr(x) = b.ek-x +c.e—k-x +d :

The analysis of the magnitudes of the terms of the
denominator of the formula Riov_apr in the context of
substantiating the two-region simplified approximation
is shown in Fig. 6 (it gives a small error in the field of
average voltages on the SCR):

Qe'a (ek.x"mx e_k.x"mx

- +
Jarr =7 c b

The antiderivative approximation of the analytical
calculation of the recombination current in the SCR
region 1is:

a

I = dx,
ana jb.ek»x +C.e—k»x +d
kx
9.q-arctan(22¢_*4
I — ’\I4'C’b_d2
kAd-cb—d?

It should be noted that the integral estimate of the
recombination current in the SCR is valid only at a
sufficiently low concentration of non-radiative recom-
bination traps, and is limited by the positivity of the
root primitive expression.
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Fig. 6 — Distribution of concentrations of mobile carriers and
traps in the SCR (- electrons, - - - holes, — — traps)

The estimate of the recombination current in the
low-alloyed QNR will be:

U,
qe’dkno‘y'NL ‘ni2’(eﬁt 71)

Jrno =

s

1/7
n,,+n,+p,, e " +p;

wehere d},,, is the thickness of the QNR.

The lower estimate of the recombination current in
the QNR is approximated, when the thickness of the
QNR is much less than the diffusion length of the mi-
nority carriers. In reality, the recombination current in
the QNR of PEC will be greater due to the excess con-
centration of minority carriers over the concentration
at the boundary of the spatial charge region.

To analyze the IVC, we introduce the integral ideal-
ity coefficient of the IVC from the expression [5]:

U

I

J=1Js-(exp( )-1),

where j, is the saturation current.
For a more detailed analysis of the IVC, we define
the differential ideality coefficient of the IVC:

j 1
m=(-L). .
j—{] 4 -(1—exp(—%»

The change in the differential ideality coefficient for
the recombination profile calculated from the integral
of the Schottky concentration profiles is shown in
Fig. 7. Connection of integral and differential ideality
coefficient is written as:

L o)
mI_Uf_Us'LJ;sm ,

where U, Uy are the initial and final values of the volt-
age interval, in which the average coefficient of integral
ideality is identified.

By virtue of the above, the differential ideality coef-
ficient m can serve as a diagnostic indicator of the
mechanism of prevailing recombination in the semi-
conductor transition. The dependence of m on the junc-
tion voltage is shown in Fig. 7.

The results of the analytical estimates are present-
ed in Fig. 8. From the results of the numerical experi-
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ment it can be seen that for a typical thickness (100-
300 um) of the PEC, at typical voltages (0.4-0.6 V), the
recombination current in the SCR is much less than
the recombination current on traps in the QNR. From
this it follows that for solar cells with typical thick-
nesses, the recombination current in the SCR can be
neglected.

22
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Fig. 7 — Calculations of the ideality coefficient for the two-
region approximation (...), the integral recombination current
(—), taking into account the recombination maximum by a
quarter of the potential jump (-), the QNR dark current (-.-),
the PEC current in the QNR (o00), total current PEC (- -)

From a comparison of elementary estimates with
approximate estimates, it is obvious that they behave
like functions with exponential multiplier, which corre-
sponds to the approximation parameter of the experi-
mental data of the I-V characteristic with the ideality
coefficient m =1...2. The experimental ideality coeffi-
cient, in contrast to the approximation parameter, has
a constant value. If the recombination current is accu-
rately taken into account, there are two subregions of
voltage variation for the value of this parameter (see
Fig. 7, Fig. 8):

—a subregion, in which the recombination in the
SCR prevails with the ideality coefficient m = 1...2;

—a subregion, in which the recombination in the
QNR with a coefficient of ideality m = 0.5...2 prevails.

It should be noted that in the last subregion, the re-
combination will depend on the thickness of the QNR,
the recombination rate at the rear contact, and the pro-
file of the generation function in the semiconductor.
The value of the ideality coefficient less than unity is
possible for active PEC regimes, in which the diffusion
length is less than the PEC thickness.

6. ANALYSIS OF THE ERRORS OF THE
ANALYTICAL ESTIMATES OF THE
CURRENT RECOMBINATION

The error analysis of the recombination current cal-
culation from the doping level of the low-doped area
and the applied voltage on the SCR is shown in Fig. 9,
Fig. 10 and Fig. 11.
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Fig. 8 — Comparative analysis of recombination current estimates: --- an elementary estimate of the recombination current in the
SCR, -.- diffusion current from low-alloyed QNR, ooo recombination through QNR traps, +++ linear approximation of the poten-
tial in the region of maximum recombination via an analytical integral, ... linear approximation of the potential in the region of
maximum recombination, — the real recombination current
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Fig. 9 — Comparative analysis of errors of recombination current estimates in SCR: — recombination in the approximation of fast
exponents decay, — recombination through simplified integrals over a finite region, - - estimate through an analytical integral

u,Vv
0.5 20 0 4.5 4@
78 g
20 20 35 i
0.5 I:I.Ei—4 5 678 B7g 4
20 20 5 R
g7 4
0.4z0 0ap s * . 1
= 1
0.2
0.2 20 20 20 1
i ;. 15 16 17 3
10‘15 1016 17 10'18 10 10 10 N» 1/cm

Fig. 10 — The relative error (in percent) of the two-zone ap-
proximation of the recombination current in the SCR at differ-
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ent voltages on the SCR and doping levels
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Fig. 11 - The relative error (in percent) of the approximation
of the recombination current in the SCR when calculated

through the analytical integral at different voltages on the
SCR and doping levels
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From the presented data it is clear that the estimate
of the error in calculating the current through the ana-
Iytical integral does not exceed 10 %, which is quite
enough for its use in simulating the recombination cur-
rent of most semiconductor devices.

The incomplete filling of the graphs is due to the de-
pendence of the collapse voltage [6] on the doping level of
the base transition region.

7. CONCLUSIONS

In this paper, we proposed analytical estimates of the
integral of the specific volume recombination rate over a
SCR that cannot be taken through elementary functions,
and confirmed the possibility of refining the analytical
estimate of the recombination current through traps in
the space charge region. With such an assessment, the
maximum error decreases in some cases by more than
50 times compared with the standard estimate (Fig. 9,
Fig. 10, Fig. 11). In this case, the error increases when
the cross section (coordinate) of the maximum recombi-
nation approaches the boundary of the SCR-QNR region.

In the process of searching for a refining analytical
assessment, it was revealed that the increase in its error
when the maximum recombination cross section passes
from the SCR to the QNR is due to the error of the
Schottky model, especially when the SCR disappears [6].
It can be reduced by appropriate definitions at voltages
of the disappearance of the SCR according to the
Schottky model [6], but at the same time other factors
play a primary role:

— it is necessary to take into account the distribution
of mobile carriers in the SCR with both signs;

— currents flowing through the semiconductor junction;

— dependence of mobile carrier concentrations on
non-equilibrium Fermi quasi-levels.

But, even neglecting these refinements, the reduced
analytical estimate of the recombination current will make
it possible to more accurately estimate the magnitudes of
the recombination currents of semiconductor junctions
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AnaniTudHa OniHKa CTPyMy peKoMOiHaNmil Pi3KOro aCHMETPUYHOr0 P-N MEPEXoay

0.B. TI'anar, O.JI. Jloruenxo

Xapriecvkull HauloHabHUL YHI8epcumem paodioesiekmporiku, np. Hayku, 14, 61166 Xapkis, Yrkpaina

IIpu MomemoBaHHI ACHMETPHUYHOrO P-N IMePexXoay BHCOKOJIErOBAHA 00J1aCTh B HACIMMKEHHI MAJIUX CTPY-
MiB He BILIMBAE HA POSMOILI HOCIIB B HU3HKOJIETOBAHOI 00JIACTI, B AKIN 30CepelkeHri Bech 00'€MHMIT 3apsl.
V nmaniit po0oTi IIpoBefeHa aHAIITHYHA OIIHKA CTPyMy PEeKOMOIHAIIII Yepe3 MACTKH B 00JIACTI IPOCTOPOBOIO
3apany 1 B KBasUHEUTpaabHOU o6iacti. J[JIs oTpuMaHHA aHAJIITUYHOIO YABJIEHHS 3aCTOCOBYETHCS HAOJIM-
SKeHHsA JIHIMHOCTI PO3IIONiIy IIOTeHIaLy B OKOJIUII IePeTHHY MAKCHMAJIbLHOI peKoMOiHAaIll. 3amIporIoHoBa-
HO METOAUKY AHAJITHUYHOL OLIIHKHK 1HTerpaja IUToMol 00'€éMHOI IBUAKOCTI peKoMOIHAIIiI 110 00JIaCTi IIPOCTO-
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A.B. GALAT, A.L. DONCHENKO J. NANO- ELECTRON. PHYS. 11, 05005 (2019)

POBOrO 3apsy, II0 He OepeThes uepes eeMeHTapHI QyHKII. IligTBepmakeHo MOKIUBICTD MiABUINEHHS TO-
YHOCT1 AHAJITUYHOI OIIHKK PEeKOMOIHAIIMHOIO CTPYMy dYepe3 MACTKH B 00JIaCTi IPOCTOPOBOro 3apsmy. Bu-
3HAYEHO JUQEPEeHINNHUN KoedII[ieHT 11eaIbHOCTI 1 MpoaHaIidoBaHa MOoro IMHAMIKA B 3aJI€/KHOCTI BII Ha-
Opyru Ha mepexoji. BUKOHAHO MOPIBHAJBHUM aHAJI3 HACTYITHUX OI[IHOK CTPYMYy PEKOMOIHAIII: CTpyM pe-
KoMOIHAITII B 06J1aCT1 TTPOCTOPOBOTO 3aPSAAy 34 €JIeMEHTAPHOI OINHKH, AUQYIHAN CTPYM 3 HH3BKOJIETOBAHOL
KBa3WHENTPAIBLHON 00J1aCTi, CTPYM PeKOMOIHAIT] Yepe3 MaCcTKHA B KBASHHEUTPAIbLHON 00J1acTi, CTpyM v pasi
JTIHIAHOT aTIPOKCHUMATIi] TTOTeHITaJIy B 00J1aCTI MaKCHMAJIbHOI PEeKOMOIHAIIT Yepes3 aHATITUYHUN 1HTEerpas,
peaspHUI cTpyM pexomOiuartii. HaBegerno anasia moxuOKy po3paxyHKY CTPYyMy PEeKOMOIHATIT BiJT piBHS Jie-
TyBaHHA CJIa00JIETiPOBAHHUX 00JIACTI 1 TPUKJIIAIEHO] HAIPYTH. 3 HABEJAEHUX TaHUX BUIHO, IO OI[IHKA MOXH-
OKHM PO3paxyHKy CTPYyMY Uepe3 aHATTUIHHUIN 1HTerpas He mepesurrye 10 % 1o miIKoM T0CTaTHRO I 11 3a-
CTOCYBAHHSI IIPX MOJIEJIIOBAHHI CTPYMY PeKOMOIHAIII1 O1/IBIITOCTI CHJIOBUX HAIIIBIIPOBITHUKOBUX IPUJIAIIB.

Kmiouosi ciosa: PexombGinaria uepes macrku, Ctpym pexombGinariii, KoeditienT imeansrocti, Judepen-
ivHuN KoedirienT imeanbHocti, @oTomeperBopiosay, [Toxmbra pospaxyHKy.
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