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The Physics and Modeling of Heavily
Dopec Emitters

JESUS A. DEL ALAMO, STUDENT M EMBER, IEEE, AND RICHARD M. SWANSON

Abstract-The physics of minority-carrier injection and internal q 1an-
tum efficiency of heavily doped emitters is studied through a nvei
computer simulation. It is shown that in the shallow emitters of moilzrn
devices, the transport of carriers through the bulk of the emitter, and
the surface recombination rate are the dominant mechanisms contro ling
the minority-carrier profile. Carrier recombination in the bulk of the
emitter only produces a small perturbation of this profile. This olyer-
vation permits us to develop a simple and accurate analytical mode- for
the saturation current and internal quantum efficiency of shalow
emitters.

[. INTRODUCTION

HE PHYSICS of heavily doped emitters has been a topic
of intense research since the fabrication of diffused emit-
ters for bipolar transistors [1]. Its importance today is not
only restricted to modern polysilicon [2] or SIPOS [3], {4]
emitter bipolar transistors, but it is crucial to the understan ling
of the open-circuit voltage of solar cells [5], and the disapyear-
ance of latchup in CMOS devices at very low temperature {6] .
Considerable work has been carried out throughout the years
on the physics and modeling of the minority-carrier injection
into heavily doped emitters. The complexity introduced by
the varying impurity profile has been treated by various i eth-
ods that lead to complicated analytical solutions in tern s of
Bessel functions [7], [8], Taylor series expansions [9], or
Hermite polynomials [10], among others. The inclusicn of
the bandgap narrowing that occurs in heavily doped silicon
[11] and minority-carrier lifetimes that depend on the ocal
doping level [12], [13] further complicates the modelirg of
practical emitters. Analytical solutions for transparent emitters
[14] and more realistic emitters [5], [8], [15]-[17] a2 in
the literature. In some cases the validity of these soluticns is
dependent on the physical parameters chosen to illustrats the
model. In others the approximations do not have a clear yhys-
ical interpretation, but are based on mathematical manisula-
tions that simplify the solutions.

Exact computer simulations that solve the semiconductor
equations for bipolar transistors or solar cells have also been
used to study the complex behavior of minority carriers in
heavily doped emitters [18]--[25]. These modelsare in general
expensive to use, and their generality obscures the peculiar
effects occuring inside the emitter. Other more simp ified
models that only solve in an exact manner the behavior ¢f the
minority carriers in the quasi-neutral portions of the emitter
have been presented [26], [27]. They can provide consider-
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able physical insight into the relevant physics of the emitter if
the results are carefully interpreted. This is the approach taken
in this paper.

Another relevant aspect of heavily doped emitters for solar
cells and photodiodes is the internal quantum efficiency. The
short-circuit current of solar cells [28] and the responsivity of
photodiodes [29] specially in the UV region is controlled by
the transport and recombination of photogenerated carriers in
the front emitter. This important phenomena has received
very little study in comparison with the dark characteristics of
the emitter. Exact simulations that solve the solar cell equa-
tions include this calculation [21], [24], although detailed
study of the internal quantum efficiency has not been presented.
Solutions of the minority-carrier transport equations in the
quasi-neutral portion of the emitter have been published [30] -
{34], more with the aim of characterizing the emitter than for
obtaining the internal quantum efficiency. Some highly com-
plex analytical solutions [35], and other oversimplified ana-
lytical approximations [S], [36] are available. None of them
are easily used to calculate the internal quantum efficiency of
modern solar cells and photodiodes.

In this paper we study the physics of heavily doped emitters
through a novel computer simulation that solves the minority-
carrier transport equation in the quasi-neutral region of the
emitter. The model, presented in Section III, contains signif-
icant improvements over previous models [26], [27], [30]-
{34]. By making use of the super-position principle fast solu-
tions are obtained for the emitter saturation current and the
emitter internal quantum efficiency. A critical selection of
physical parameters for the illustration of the model is carried
out in Section II. '

In Section IV the computer model is applied to several typ-
ical emitters. From the identification of the relative impor-
tance of transport, surface recombination, and bulk recombina-
tion of minority «<arriers, analytical models for the emitter
saturation current and emitter internal quantum efficiency
emerge. For the emitters in use in modern devices it is found
that the recombination inside the emitter represents only a
small perturbation of the minority-carrier profile of the “‘trans-
parent” emitter, in which negligible bulk recombination is
present. This observation leads to the development of very
simple analytical models for the saturation current and internal
quantum efficiency, that are also presented in Section IV. By
comparison with the computer modeling the range of validity
of the analytical models is found to contain most of the inter-
esting emitters of modern bipolar transistors, solar celis, photo-
diodes, and CMOS devices.
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I1. SELECTION OF PHYSICAL PARAMETERS

In this section we discuss the values of physical parameters
selected to illustrate our emitter modeling. Since n-type
heavily doped silicon has been considerably more characterized
than p-type silicon because of its importance for bipolar tran-
sistors, we will limit the discussion and application of our
model to n-type material.

After the Slotboom and de Graaff measurements of bandgap
narrowing in p-type Si [37], most of the early work in n-type
Si was unfortunately carried out in regions with variable
impurity profiles [38]-[41] where the interpretation of the
results is very complex. More recent experiments used As-
grown material where the doping level can be considered
uniform [42], [43]. In the work by Mertens ef al. the highly
As-doped substrates had impurity inhomogeneity problems,
yielding erroneous results of bandgap narrowing [44], [45].
Only the three data points of Sb-doped Siare therefore selected
here, together with all the data of Wieder [42] in As-doped Si.

Neugroschel er al have recently measured AE, from the
temperature dependence of the dc emitter current of As-im-
planted emitters [46]. We have critically examined the as-
sumptions that they use in their extraction of A5, and we have
concluded that their results are overestimated [47].

Except for two points of Mertens et al., all the other data
require the knowledge of the minority-carrier diffusion coeffi-
cient. Once the diffusion length is determined, or in the case
of Neugroschel er al  the emitter thickness, the unknown
quantity for the three collections of experiments is

nieDp _ nioDp _ n3oDp exp (éfg) )

Np  Nper Nbp kT

where the symbols have their usual meaning.” AE, is a phe-
nomenological bandgap narrowing, or as we have denoted
somewhere else, an “‘apparent” or “device” bandgap narrowing
[48]. It takes into account all the effects that makes n?, dif-
ferent than n%: band tailing due to potential fluctuations
[49], rigid shrinkage of the bandgap due to many body effects
[50], and degeneracy effects due to the necessity of using
Fermi-Dirac statistics rather than Maxwell-Boltzmann statis-
tics [51].

In (1), the minority-carrier diffusion coefficient must be
known in order to extract AZ,. In the course of this work,
however, we realized that the relevant parameter affecting hole
transport in the bulk of shallow emitters is not AEg, nj,, or
Npess, but Dy, exp (AEg/kT), nf, D, ot Npegg/Dp, depending
on the desired representation. Fortunately, the knowledge of
D, is not necessary for the estimation of Npg/D,, which
comes directly out of (1). In other words, for the type of
emitters that we study here we do not need to make any as-
sumptions about D,, but just go back to the experimental
literature and take Npege/D,. We have indeed done so, and in
Fig. 1 we plot Npese/D, from [42], [43], [47].

For computational convenience we now chose a given func-
tion of D, from the majority-carrier literature [52], and find a
power function for AE,, so that the resulting Npeg/D, gives
the best fit to the results of Fig. 1. This best fit is shown in
the same figure and the resulting AE, algebraic expression is
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Fig. 1. Plot of experimental values of Npeff/Dp, and curve fit used in
this work (see text).

AE,(Np)=2.46 X 1076 N§?34 ov 2)

with Np incm™.

The mechanisms affecting the lifetime of minority carriers in
heavily doped silicon is a subject of extensive investigation at
the present. To illustrate our modeling we adopt here a
pragmatic approach: we will assume the existence of two inde-
pendent mechanisms controlling the hole lifetime. One of them
is linearly dependent on the doping level, and the other is
quadratically dependent on the doping level. The observed
sensitivity of solar cell and transistor emitters to the conditions
of the surface [53], [54] indicates that bulk recombination is
not the dominant effect in these emitters. Qur computer
simulations and those of other authors [24] indicate that an
Auger coefficient of the order measured by Dziewior and
Schmid [55] does not support this experimental fact. There-
fore, a smaller Auger coefficient [24], [56] has been chosen
here. Our lifetime model is

%=1.67>< 10712 Np +5 X 10732 N3 571, 3

This lifetime model, like the other models presented previ-
ously in this section, only pretend to illustrate our emitter
work. Further research is needed to gain a better knowledge
of the minority-carrier parameters in heavily doped silicon.

III. EMITTER MODEL

The basic one-dimensional steady-state semiconductor equa-
tions that describe the behavior of holes in a low-level injec-
tion quasi-neutral n-type region with nonuniform band struc-
ture are [57]

—the hole current equation

dop

Jp =~ apiy I “)
—the hole continuity equation
dlJ,
—L=q(G-U) )
X
—and the hole density equation
q9p
= 5P 6
P =po eXp - r (6)
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Fig. 2. Geometry of the emitter studied in this work. X = 0 marks the
emitter edge of the space charge layer. X = W is the silicon surfa:e.

where ¢, is the hole quasi-fermi level measured relative t> ¢,
(the electron quasi-Fermi level), p, is the equilibrium hole son-
centration, G the hole generation rate, U the hole recomhina-
tion rate, and the rest of the parameters have their vsual
meaning.

In this study we are going to address that portion of the
emitter that is quasi-neutral (Fig. 2) where 5y (x) = Np(x) [38].
Very near the metallurgical junction quasi-neutrality brsaks
down. For most of the voltage range, however, the current
behavior of the emitter is dominated by the quasi-neutral
region.

The p-n product in equilibrium, po(x) no(x) = nf(x), nay
differ from the undoped value n%(x) because of the faitors
mentioned in the previous section. With the useful definition
of the effective donor concentration [11], Npes = Npindy/
ni.), we can write po(X)Npesr(x) = nl. Combining this last
equation and (6) and taking the derivative, we obtain

d(PNpesr) _ N4 9%
dx

Deff kT dx (7)

Introducing this result in (4) we obtain

qDp d(PNpesr)

Jy=-
Npesr  dx

14

(8)
Under low-injection conditions, (5) becomes

daJ, -
__Iz=q‘((;~£_&)
dx Tp

€)

with 7, being the hole recombination lifetime,
Equations (8) and (9) are easier to handle by defining a
normalized excess electron-hole product

2
= PNDett = PoNpetr _ PNpett - Mio
2 2 .
Mo Rio

(10)

They become, respectively

Dpniy d .
J,=- el ZX (11)
Npegr dx
Ap_ o _anio (12)
dx TpNDeff )

Taking the derivative in (11) and solving for dJ,,/dx with (12)
we get

d*u d Dy
- +—1t1In
dx dx (NDeff

d N ,
)j‘_‘i_i‘_=__@ﬁg (13)
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Fig. 3. Breakdown of normalized excess electron-hole product in the
two solutions of the homogeneous equation of (13), and the particular
solution. The indicated currents are normalized by the values of u(x)
atx = 0and x = W (see (16)).

where L, is the local hole diffusion length. Equation (13)isa
linear nonhomogeneous second-order differential equation with
nonconstant coefficients. The boundary conditions are

’ V(0
u(0)=expg-%:—7(,p—)— lzequ—k—(T—)— 1 (14a)
u(W) = expid)—]i;—w-) 1= q_______I]/c(TWL 1. (14b)

The second equality is justified by the high concentration of
electrons in the emitter that avoids significant deviations of
the electron gas from equilibriuin, so that ¢, is constant. V(x)
is the separation of quasi-Fermi levels at any point.

The general solution of (13) can be expressed as the sum of .
the solution to the homogeneous equation (G =0), plus a
particular solution. The homogeneous solution itself can be
written as a linear combination of two independent solutions.
We denote these solutions (within multiplying constants)
us(x), the “forward” solution, and u,(x), the “reverse” solu-
tion. The sum of the three solutions has to fulfill the bound-
ary conditions. For convenience we take

ur(0)=1 uf(W)=0 (15a)

w(0)=0 u,(W)y=1 (15Y)

up(0)=0 u,(W)=0 (15¢)
and the general solution can be expressed as [59]

u(x) = u(0)up(x) + u(Wyux) + up(x) (16)

as seen in Fig. 3. A convenient method of finding uy, u,, and
uy, is discussed below.
We now substitute (14) and (16) into (11)

Dp du 7(0) D
== qni, —2-ZL [ex ). 1] - gnly —%-
Tp = o Npefr dx P o Npest
di (w Dy du
Gy [exp g_(_._)_ 1] - qnly =P 7P (17)
dx kT NDeff dx
We can now define (see Fig. 3)
Dp  duy
Jog &~ qnj £ (182)
°f " Npegr dx |x=0
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aplor &~ qnly ]\7:25;‘% o (18b)
Jor £anio Nl;:ff %Cr x=W (18¢)
ooy &l %% » (184)
Ipo & qnj, j%;; C’zu?p e (18¢)
Tpw 2aqniy A—/i%% o (18f)

so that the currents at x = 0 and x = W are

J(0) = Joy {}xp a9 _ 1] - &, Jo, [equk(T) 1]
~Jpo (19a)
T (W) = aglos [exp q_I;_;_O)_ 1] ~ To, [expg%(TK)— 1]

+ T (19b)

With the present notation, a and o, are the forward and reverse
transport factors as usually defined in the base of bipolar tran-
sistors {60].

To obtain a solution to the problem, we still need to relate
(W) and 7(0). At the surface the following relationship holds
between the hole curent and the hole concentration:

Jp(w)= qS(p - Po)‘x= w

where S is the “surface recombination velocity.” The use of
(10) and (14b) permits us to rewrite (20)

(20)

VW)
Jp(w)=-]0s [exp -—kT—‘ 1 2D
where Jy4 is the surface saturation current
qnlOS
= 22
" Npea(W) @2)

Combining (21) with (19a) and (19b) we get

o Jos qV0)

J, (W) JOS A J { af./()f [exp ©T 11+ Jpw (23)
_ o Jog t o1 - o) [ qv(©) ]

JIp(0) = Jor Tos +Jor exp T 1

aYJOV

[Jpo +Jpw oot JOr] . (24)
These are the most general expressions of the hole currents at
the junction and at the surface of the emitter under any bias
and illumination conditions.

Defining the emitter saturation current J, as that current
flowing in the dark (Jpo =Jpy =0), and the photogenerated
current Jyy, as the remaining term, (24) gives

qV(O)_,l] .
p

kT (25)

Jp(0)=Jo [exp
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where
Jos t 0, (1 - are
A =J0f 0s OrE-J ’A r) (26)
O0s Or
and
o,/
Ton = Tpo +Jpy ——2 27)

Jos +Jor

It is also of interest to define an emitter transparency factor
[27] in the dark, which indicates the fraction of injected car-

riers that recombine at the surface as opposed to recombining

in the bulk.
Jp(W J
o = IJ( ) - %S os : (28)
Ip0) 16=0 Jos tJor(l - orr,)

Considering J, first, several cases are of practical interest:

1) If the surface recombination velocity is very large, such
that Jog >> Jy,, then J, = J,r and a; = ap. This is the case of
most common transistors with metal contact to the emitter
and the portions of the solar cell emitter that is covered by
metal [53].

2) If the surface recombination velocity is very low, such
that Jo, <<Jo, (1 - ae,), thenJo =Jop (1 - ;). Thiscould
occur in regions of the emijtter that are passivated with SiO, .

3) If the recombination in the emitter is so high that no
carriers can be transported through the emitter, it is denoted
as “opaque” and oy~ q, 0. Therefore Jp =Jop and a, =
0. This is the situation in the deep emitters of TPV solar cells
[61] and probably in the emitters of power devices [25].

4) If all the carriers injected from one end can reach the
other end of the emitter, then o =~ o, = 1, g =JorJos/(Jos +
Jos), and o, = 1. This is the so-called “transparent” emitter
characteristic of shallow emitter solar cells [62] and bipolar
transistors [63], and the Al-alloyed high-low junctions of BSF
solar cells [64].

In the photocurrent, as given by (27), two extreme cases are
of interest to consider:

1) If the surface recombination velocity is very low, Joy <<
Jor, (27) becomes Jpy, = Jpg + 04 Jp,,. In a transparent emitter
this further reduces to Jp, = Jpo + Jpy which is the maximum
photogenerated current one can draw from the emitter. This
is probably the case of planar photodiodes with a passivated
surface, and very shallow and lightly doped emitters [65] that
show quantum efficiencies very near to unity.

2) If the surface recombination velocity is very high or the
transport factor is near zero because the emitter is opaque, we
get Jpn = Jpo. This is probably the case of some heavily doped
deep emitters used for the characterization of lifetime in dif-
fused layers [34].

It has been shown that in most common devices the photo-
generated current in the emitter does depend very strongly on
the surface treatment [32], [66], {67]. In this case, the full
equation (27) needs to be used.

Denoting G as the total number of carriers generated inside
the emitter, the internal quantum efficiency of the emitter is

1 OLJOV
=——(Jpo +* I —— ).
K qGT( pWJ0s+J0r> (29
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The problem is completely solved when Joz, Jo,, 0, @, Tpo
and Jp,,, are known for a given profile and illumination ccndi-
tions. The calculation of these quantities in the most gen:»-al
case is done by computer by solving the coupled first-order
differential equations (11) and (12). After a normalization
procedure, these equations can easily be integrated. With ¥’ =
0 in (12) we first integrate from x = W to x = 0 to obtain u; (0)
and J¢(0). The initial conditions are up(W)=0and anarbit ary
value for Jo(W). After the integration we obtain in thisw:y a
value uy(0) which in general will be different than unity. Since
J7(0) is linear in us(0), the correct Jor is Jr(0)/us(0). The
forward transport factor ay is simply J(W)/J-(0). We proczed
in a similar way to calculate J,, and «, by integrating from » =
0 to x = W with initial conditions #,(0) =0 and an arbit:ary
JA0). We now compute J, and «; from (26) and (28).

The calculation of Jpo and J,, comes next by integra:ing
(11) and (12) again, with the correct generation term in (.2).
We integrate again from x = W to x = Q0 with initial conditions
up(W) =0 and an arbitrary J, (W). At the junction (x = 0} we
will obtain, in general, a value of u(0) different than zero, and
a current J,(0). Using (19a) and (19b), we can obtain

Jpa =Jof“(0)‘Jp(0)
Jpw =Jp(W)— O[fJofU(O) i

(30)
31)
where everything is known. With all the results now we can
calculate J,; and 1 from (27) and (29). The use of linearity in
the preceding manner eliminates the need to “shoot” the inte-
gration many times to obtain the desired boundary conditions.

One other interesting feature of this type of calculation is
that the problem does not need to be solved again when the
value of surface recombination velocity is changed. In our

formalism, Jog is the only expression affected by §, all the rest
of the parameters coming out of the integration are constan.

IV. RESULTS AND ANALYTICAL APPROXIMATIONS

A computer program that solves the emitter equations as
described in the previous section has been written. Althcugh
further research is needed to gain a better knowledge of the
minority-carrier parameters in heavily doped silicon, the pays-
ical models selected in Section II are sufficient to illustrate the
basic physics occurring in the emitters. We separately siudy

the emitter saturation current and the internal quantum-

efficiency.

A. Emitter Saturation Current

Figs. 4-7 display lines of equal saturation current and trans-
parency factor of several Gaussian emitters with different sur-
face concentrations and junction depths for two values of sur-
face recombination velocity S = e and § = 10® cm/s. The base
doping level is Np = 10 cm™3. Several distinctive dornains
are identifiable. We will treat them separately.

1) The “Transparent” Domain: 1In the previous section we
identified the “transparent” emitters as those that have a t rans-
parency factor o, of unity. This situation can appear in c1nit-
ters that are either lightly doped and moderately thick, or h:ghly
doped and thin, as seen in Figs. 5 and 7. Higher values oi sur-
face recombination velocity maintain low values of excess hole
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concentration in the vicinity of the surface where the low life-
time regions exist and therefore the transparency condition is
fulfilled more easily.

The modeling of these transparent emitters has already been
carried out [14]. The derivation from our general formulation
of Section III is straightforward and leads to the same equation
as in [14]

2
JO - qnlo ) (3 2)

W
N
f NDeffdx+ Deg(w)

When the surface recombination velocity is large, the injected
hole current in the emitter is limited by the transport of holes
to the surface;J, becomes

qnz?o
0 Geff(w)
where
Gegt(x) = f NXperr (34)
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since it has a similar role as the Gummel number in the base of
bipolar transistors [68] (except for the D, dividing factor).
We call G (W) the effective Gummel number of the emitter.
To obtain the smallest J,, the effective Gummel number of
the emitter Gog(W) has to be maximized while the transparency
of the emitter still holds. Fig. 4 indeed shows how as the sur-
face conceniration and thickness of the emitter increases, Jo
decreases.

If the surface recombination is low, the hole current may
become surface recombination limited, and J, is

Jo = qnlgOS
0 .
Npesr(W)

This condition is more difficult to meet because when the sur-
face recombination velocity is small the recombination in the
bulk of the emitter is likely to be of comparable magnitude
and the transparent model fails altogether. It is more likely
to be fulfilled in lightly doped thin emitters where the total
bulk recombination may be small, as seen in Figs. 6 and 7.
In Fig. 6 we observe that at the lowest surface impurity con-

(33)
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centrations J, decreases with increasing Ng. The transparency
condition, however, fails very soon (see Fig. 7), and J, starts
increasing as the bulk recombination augments.

2) The “Quasi-Transparent” Domain: As the doping level
increases and the lifetime decreases, more carriers recombine
within the bulk of the emitter and a smaller number reach the
surface. The same effect occurs as the emitter thickness in-
creases. The significance of bulk recombination is more pro-
nounced and appears sooner for emitters with low surface
recombination velocity. Transport limited emitters, on the
other hand, are less sensitive to bulk recombination because
the hole concentration in the most highly doped layers of the
emitters, near the surface where the lifetime is very degraded,
is very small and the hole recombination rate is therefore small
too. The behavior of both types of emitters is very different.
In transport limited emitters, the effect of increasing the doping
level or thickness is to reduce J,, while in surface recombina-
tion limited emitters J, increases.

To explain this difference we define the quasi-transparent
domain as the range of emitters in which the bulk recombina-
tion is small enough so that the transparent hole distribution
throughout the emitter is only slightly perturbed. With this
understanding, as we increase the doping level or the thickness
of transport limited emitters the holes have a higher probability
of recombining because of the reduced lifetimes and longer
paths. At the same time the effective Gummel number of the
emitter increases. Since the first mechanism only represents a
perturbation to this main limiting mechanism, J, decreases.
This observed in Fig. 4. '

In the surface recombination limited emitters the low surface
recombination rate and low doping density make the hole
density very high throughout the emitter. Bulk recombination
increases with doping level and thickness, drawing more hole
current. Jy therefore increases,

We can now build an approximate analytical model. Integra-
tion of the continuity equation (9) (with G =0) gives the
emitter current as

w
T,(0) = J,(W) + qf PZPo gy (36)
) Tp ‘
which is the sum of the current recombining at the surface plus
the current recombining in the bulk.
Since the bulk recombination does not significantly perturb
the hole distribution in the emitter, we can write

2 qV(O)_
S = (ot 1) 37)
g Npesr(W)
Gege(W) +——S—
and
(P~ po)x)= c—INL;%()?) [Geff(w) = Gogelx) +j—vg%f—(-@—}.
(38)
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The total bulk recombination current is approximately

w
~ [Ger (W) - Gege(x)] dx
7 (1) [fo Tp(X )WV pege(x)

Po dx

w
-
o
0 Tp

NDeff(W)
f Tp(x)NDeff(X)] 99)

The total emitter current is obtained by adding (37) and (39),
and the saturation current becomes

gn [1 . f v
Npeg(W) o

Geﬁ(w) + S

[Ger (W) - Gegr(x }L‘_if
Tp(X)Npesr(x

J0=

NDeff(W)f ] 40)

Tp (X)NDeff(x) :
The term in brackets in (40) provides, in effect, a first-uirder
correction to (32) due to bulk recombination.

We have implemented (40) in an HP-41CV pocket calculator.
The same physical parameters as in our full computer solation
have been used. Typical results are shown in Fig. 8. The exe-
cution time required for the 2.2-percent error is 56 s. In [7ig. 8
also the surface recombination component and the bulk ré com-
bination component of J, are separately drawn. The analytical
model predicts both very well: the surface component being
the first term in (40), and the bulk recombination compnent
the other two. At very high values of S the bulk recoribina-
tion component shows a greater error as compared wilh the
computer solution. The error arises from the numerica. han-
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dling of the integral in the second term of (40) in the calculator.
With much smaller steps and longer execution time, this error
can be reduced almost to zero. The small contribution of the
bulk recombination rate in comparison with the large surface
recombination gives an overall negligible error.

Fig. 9 collects some more results in which our analytical
model is compared with the computer simulation. The model
breaks down as the emitter becomes opaque.

3) The “Opaque” Emitter: When the recombination in the
bulk of the emitter is important very few holes reach the surface
to recombine there and all of them recombine in the emitter:
the emitter is “opaque” to the holes. The transparency factor
becomes very near to zero. In these conditions the value of
the surface recombination velocity is irrelevant.

In this case the numerical solution of Section I1I can be used.
Alternatively a regional analysis such as that of Amantea [8]
or Fossum and Shibib [17] may provide an acceptable result.
Fortunately, as we have seen, most of the typical emitters used
in solar cells and bipolar transistorsare described by the “*quasi-
transparent” model, at least with the physical parameters here
used. In the “opaque” category we should include the deep
emitters of TPV solar cells [61], point-contact solar cells [69],
and power devices [25].

B. Internal Quantum Efficiency

Fig. 10 shows the' internal quantum efficiency of several
Gaussian emitters with different surface concentrations and
junction depths for an AMI spectrum. The value of the surface
recombination velocity is 10® cm/s. At low values of surface
concentration and thickness the internal quantum efficiency is
around unity. It drops dramatically as thickness and surface
concentration increases, as has been observed experimentally
for several years [28], [29], [70}, [71]. Low values of surface
concentration permit thick emitters without loosing to much
collection, as experimentally observed by Conti e al. [32}.

To analytically model the internal quantum efficiency we
use the same theory as developed for the numerical model in
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Fig. 11. Schematic of the particular solution of the minority-carrier
generation profile produced by a spike of generation located at depth
x (see text).

Section III. With the decomposition of the excess electron-
hole product of Fig. 3 we only have to solve here for the par-
ticular solution. In the transparent case this is easily done by
studying first the currents produced by a spike of generation
8(x) located at point x in the emitter that produces an excess
hole concentration p'(x) at that point (see Fig. 11). The cur-
rents at the surface and at the junction, in the case of zero
excess carriers at those two points, are '

. _qp' (X)Npegr (x)
]po(x) - Geff(X) (4 1)
Jpw(x) = _fl_l_?’_(_xM (42)

Gotr(W) = Gegp(x)
The total generated current is then

Gege (W)
Gotr (¥) [Gogr (W) = G (x)]
(43)

Jpo (X) + ipw(x) = qp"(X)Np egr (x)

because the integral of the § function is 1. Therefore
_ [Gesr(W) = Gegr(x)] Gerr ()
Npett(x) Ger(W)

For an arbitrary generation‘ function G(x), from (41) and
(42) using also (44) we have the following currents:

p'(x) (44)
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W w
- . __a
JpO - L G(.x)]po (x)dx Geff(w) L G(x)
[Gest(W) - Gogr ()] dix (45)
W w
Tpw =fo G(x)ipro (x) dx = Geff W fo G(x)Gerr (x) dx.
(46)
Also, from (43) we obtain
w
Jpo *Jpw =4¢ f G(x)dx = qGr. Cn)

0

Now we go back to the expression of the photocurrent
deduced previously (in (27)), and substitute (46) and (47) for
Jpw and Jpo. Additionally we take a, = 1 (transparent case),
Jos from (22) and Jy, from the transparent theory. (Jo, =
qn?, [Gege(W)). After some simple manipulations we get

w
a f G Getr () dx
0
Jon =qGrp - Noyog (W) - (48)
| Gegr(W) + =2~
S
The internal quantum efficiency is therefore
14
. f G(x)Gefr(x) dx
0
n = 1 - — (49)
Nper(W)
T Gegr(W)+ ’—‘eS—

which is a rigorously exact result in this case of transparent
emitter. The interpretation of this equation is straightforward.
If § =0, then =1, which effectively shows that the only loss
mechanism built into this model is the surface recombination.
The second term in the right-hand side therefore represents the
relative amount of photogenerated carriers recombining at the
surface. ' ' ‘

We have implemented (49) in the HP-41CV calculator. For
the simulation of the AMI spectrum we have chosen the inte-
grated algebraic expression provided by Hsieh ef al. [72]. Fig.
12 shows the comparison of the analytical expression (49)
with the exact computation for a typical solar cell and photo-
diode emitter. Although the analytical expression (49) does
not account for any bulk recombination, it predicts the inter-
nal quantum efficiency and the proportion of recombination
at the surface, for all values of surface recombination velocity,
with a maximum error of 1.4 percent. Similar accuracy is
obtained for exponential monochromatic generation profiles,
as shown in Fig. 13. The reason for this lies on the fact that
high concentrations of minority carriers are never present in
any part of the bulk of the emitter, even when S is very low,
because the electric field aids the collection of the photogen-
erated carriers. The accuracy of the model improves as S in-
creases, as seen in Fig. 13, because less carriers are in the
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vicinity of the highly recombining surface layers. It is inter:st-
ing therefore to note that although the quasi-transparent madel
is necessary to describe the behavior of the emitter in the di1k,
a simple transparent model gives excellent accuracy when dixal-
ing with the emitter under illumination,

For monochromatic illumination of a very high &, (49) satur-
ates at a value

) 1
limpy = ————— (50)
and |, SGer(W)

Npesg(W)

which suggests a method of measuring the parameter S/Npegr( W)
that characterizes the emitter surface recombination rate. Fig.
13 also indicates this limit.

The development of a quasi-transparent model for the inter-
nal quantum efficiency following the same chain of reasonng
is straightforward. For reasons of space we have not felt ihe
necessity of presenting it here because of the satisfactory ac:u-
racy of the transparent model in dealing with all emitters of
interest for solar cells and photodiodes. As seen in Fig. 9 1he
domain of validity of the transparent model for the interaal
quantum efficiency is similar to that of the quasi-transparent
model for the emitter saturation current.
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V. CONCLUSIONS

A new computer simulation that simultaneously solves the
saturation current and the internal quantum efficiency of quasi-
neutral emitters has been developed. By using linear superposi-
tion of solutions, the calculation has been greatly sped up over
previous simulations.

The physics governing the transport and recombination of
minority carriers has been identified. This has permitted the
development of analytical solutions for emitters in which the
bulk recombination represents only a perturbation of the
minority-carrier profile governed by surface recombination
and bulk transport. The analytical modeling of these so-called
“quasi-transparent” emitters is compared with the computer
simulation, and very good accuracy is predicted for typical
emitters of solar cells, bipolar transistors, and photodiodes.

The analytical models presented in this paper should be of
use for the optimization of the impurity profile of shallow
emitters for device applications [73].
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