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ABSTRACT

A novel method for the measurement of the saturation
current of emitters is described. The transient decay of
photogenerated carriers is measured on a lightly doped
sample containing the emitter profile of interest. In high
level injection, the recombination rate from the emitter
is proportional to the square of the carrier concentration,
go it can be separated from the linear bulk and surface
recombination. Since no ohmic connections are required,
this technique is uniquely suited to the study of passivated
emitters. Furthermore, the emitter saturation current of
a given profile can be measured both with and without a
passivation layer, so that the relative sources of emitter
recombination can be determined.

The measurement has been successfully performed on a
variety of phosphorous and boron emitters. These results
are presented.

INTRODUCTION

In silicon solar cells, the heavily-doped emitter regions,
characterized by the emitter saturation current, Jog, are
a major source of recombination which limits the open-
circuit voltage and hence. efficiency attainable. Today,
there are several novel methods of Jyz reduction being con-
sidered [1,2,3]. Reliable measurements of this parameter
are necessary to achieve an optimization.

There are three conventional means of measuring Jog of
an emitter region. The first is to measure the total dark
current of a solar cell, and to substract from it a value for
the base recombination. The second involves performing a
get of open-circuit voltage and short-circuit current decay
measurements as described by Rose and Weaver [4]. The
third, and most accurate, is to fabricate a bipolar tranasis-
tor and measure the base current.

The main drawback, common to all these methods, is that
they require an ohmic contact to the emitter being stud-
ied. Consequently, they are incapable of measuring the
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‘properties of passivated emitter regions, even though such

emitters are of great interest in the design of solar cella.
In addition, any method suffers from the problem of sepa-
rating the recombination in the emitter from the total re-
combination. We describe a measurement method which
circumvents these limitations.

PRINCIPLE OF THE MEASUREMENT

" The key features of the technique are the following: first,
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the carrier concentration in the sample is optically injected
and subsequently monitored by a method of inductive cou-
pling. This eliminates the need for an ohmic confact. Sec-
ond, by putting the base into high-level injection, the emit-
ter recombination has a quadratic dependence on the car-
rier density and is therefore separable from the linear re-
combination in the base and at the surfaces. Finally, emit-
ter recombination is isolated by minimizing other sources
of recombination. This is done by using lightly-doped,
high-lifetime silicon for the base and a thermal oxide for
passivation. The details of the measurement are described
below.

The emitter of interest is placed on one side of a high-
resistivity wafer of thickness, W, having a high-level in-
jection lifetime, 7y;. The other side is passivated with a
high-quality thermal oxide, characterized by a surface re-
combination velocity, ¢. (Fig. 1) Again, no contact to the
emitter s necessary. A flash lamp having a short pulse-
width generates enough carriers to put the base into high-
level injection, and the sheet photoconductivity oy is mea-
gured versus time by a contactless method which uses the
principle of inductive coupling.[5] (Fig. 2) The measured
quantity is proportional to o, which is given by
w

Cor= fa qn{pn + pp)dz = qR(pn + )W (1)
where # is the average photo-excited carrier density in the
sample. {Equilibrium concentrations are nulled out by the
circuit) The constant of proportionality is found by cali-
brating the detection circuit with wafers of known conduc-
tivity. The decay of oj depends on Jog, faii, 8, 20d Dapi 10

_a manger prescribed by the equations in the next section.
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Fig. 1. - The experimental configuration. Carriers are
generated optically by means of a flash lamp. The pho-
toconductivity decay is monitored inductively.

THEQORY

In the lightly-doped base, the standard high-level injec-
tion semiconductor equations apply. After generation has
stopped,

dn n d’n
e _;h; +_D""'rd:|:_2 (2)
At the passivated surface, z =0,
' dn ‘
Jﬂ(ﬂ) = qsn(o) = qDaml_" Iz:l) (3)

dz

At the emitter junction, on the base side of the space-
charge region, £ = W™, the boundary condition is
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, (4)
Eq.(4) can be considered the definition of Jog and is a valid
description of an emitter in quasi-steady state provided
a few non-restrictive assumptions apply [6]. These are
1) the material constants in the highly doped regions are
independent of the minority carrier density, 2} the quasi-
fermi levels are constant across the space-charge region,
and 3) space-charge region recombination is negligible. Be-
cause the base is highly injected, p = n > n? and Eq.(4)
becomes,

- Jn(W_) =

n(W -y
“g__ (5)

- n{W_) = .JOE

In general, this non-linear boundary condition at the emit-
ter junction makes an analytic solution to the above equa-
tions impossible. A related problem was treated by Schlang
and Gerlach [7,8] and we have done a numerical simula-
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Fig. 2. - The photoconductivity measuring circuit. The
steady-state conductivity is nutled out by the bridge.
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SCOPE

tion of the problem. The important result of this work is
that when the diffusion lengih (v/Damitas) i8 much longer
than the base width and the diffusion velocity (Dami/W)
is much greater than the effective recombination velocity
at z =0and z = W~ (s or Jogn(W)/qn? accordingly}, the
carrier density in the base rapidly becomes uniform after
a few transit times, given by W?2/2D,,.;. Since the excess
carrier concentration in the emitter is everywhere less than
that in the base, and the emitter is much narrower than the
base anyway, the emitter contributes a negligible amount
to the photoconductivity. In that case, n(0) = n(W ") =1,
the measured quantity. Then, the total recombination is
given by

dn n n?
—gW — = gW — 4-ghi L

Jru,ln!ul =

The solution to Eq. (6) is given by

7i{0)e~"/rers

) =————————
w(t) 1+¢(1 - c"/'d!) (7)
where 7 #(0)
_ 0ETef T
€T T qWn? (8)
and
1 1 8
=— 4+ — 9
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(Fig. 3). t = 0 is taken as that time when the carrier
distribution first becomes uniform. The expression (7) re-
duces to a simple exponential if Jog = 0, and to 1/t Jog
dominates.

A conceptually easy way of extracting Jog from an expetri-
mental decay is to plot 1/%;., the reciprocal instantanecus
decay time, versus i1

1 1dn 1 s Jugﬁ

Tinst 7 dt a w qWn?

(10)
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Fig. 3. - A theoretical photoconductivity decay curve.
The parameter ¢ measures the relative gtrength of the
emitter recombination and the linear recombination.

The slope of the resulting line can be related to Jop through
known quantities.(Fig. 4) Thus, because the base is high-
level injected, the recombination in the emitter can be sep-
arated from that in the bulk even when they are of com-
parable magnitude.

An additional feature of the measurement is that the mea-
sured quantity, Joz/n?, ia relatively insensitive fo temper-
ature, in contrast to Jyz itself. This means that the mea-
gurement does not require precise temperature control.

LIMITATIONS OF THE METHOD

The theory suggesis a promising technique for obtaining
Jog. Here, we will discuss some of its theoretical and ex-
perimental limitations.

From a theoretical point of view, the main limit to the
extraction of Jogp arises from the fact that the mobility is
finite, so that the carrier concentration cannot be strictly
uniform for any non-gero recombination current in the emit-
ter.

We can analyze the worst case of non-uniform carrier con-
centration by considering the case s = 0, 7y; = 00, and
Jog # 0. (This is the worst case because all the re-
combination occurs at one place and tends to set up 2
non-uniform distribution) Since the carrier density at the
emitter junction is always lower than the average carrier
density, the method underestimates Jog. Fig 5. shows a
plot demonstrating the effect of the assumption that the
carrier concentration is uniform. When this assumption is
relaxed, (solid line) we see that the decay rate increases
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Fig. 4. - A simple extraction method. Each point on
the line corresponds to a different time on the decay of
Fig. 3. . '

"E-lf'rt = 2Damb/W2 Vs
s=0 /
5 Thii = OO0 ’/
//

uniform ’

/rinst

Fig. 5. - Assessment of the error involved in assuming
a flat profile. The dashed line follows from the simple
theory; the solid line from numerical modelling. Signif-
icant deviation occurs when the decay time approaches
the transit time.




less rapidly as the recombination begins to be limited by
the rate at which carriers diffuse through the sample. How-
ever, the error in Jog is less than 10% as long as the decay
time is greater than 6 times the transit time, W2/2Dgms.
Furthermore, if the diffusion constant is known reliably,
these effects can be accounted for in the data extraction of
Jog. The problem can also be minimized experimentally
by decreasing the base width.

For a cell of finite thickness, this effect puts an upper limit

on the value of Jog which can be measured. If the back-’

ground doping is Np, then the minimum carrier concen-
tration for which the assumption of high-level injection
remains valid is

Nonin & IOND
The constraint on Jog is then that the decay rate at this
injection level is less than one-tenth of the transit time, or

Daml
W

b4

JoE<0-1qu

Rnin

which gives a maximum Jog of 107 Afcm? for a wafer

thickness of 100pm and a background doping of 5x10'%cm™*

Of course, there may be additional practical limitations
mote restrictive than this. For example, fini, may be
considerably greater than 10Ny due to the resolution of
the detection circuit, or the decay rate might be so fast
that it is comparable in length to the optical pulse width.
For our apparatus, we estimate the upper limit to be r4
5 % 10712 4/cm?.

The other main limit to the extraction of Jor deals with
the validity of Egs. 2 ,3, and 4. The analysis has assumed
that ; and s are independent of the carrier concentration.
For SRH trap-mediated recombination, this is indeed the
case in high-level injection For Auger processes, however,
the recombination is proportional to n®. This begins to
play a role in the bulk at a carrier concentra.tlon of ap-
proximately 10'7cm™*. Finally, the surface recombination
may not be linear over many orders of magnitude of carrier
density. Uncertainties of this type place a lower limit on
the measureable Jog, estimated to be about 10744 /cm?
for our system.

The other source of error is in the calibration of the ab-
solute carrier density from the photoconductivity. At an
injection-level of 10"cm~3, the uncertainty in the mobility
may be of the order of 20%. This translates directly to a
like error in Jyg.

EXPERIMENT

A schematic of the experimental apparatus is shown in Fig.
2. The wafer is placed in close proximity o a two turn coil
having a diameter of 1 cm. The generator frequency is 11
Mhz and the linearity of the circuit has been experimen-
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tally verified for all conductivities of interest. To convert
the conductivity to carrier concentration, we use the mo-

bility data of Dannhauser and Krause [10,11], and operate
at densities where the uncertainty in the mobility is small.

High lifetime 100-200 {I-cm n-type < 100 > float sone sil-
icon was etched to the desired thickness. Doped glass was
deposited on one side of the wafer, and the dopant was dif-
fused into the Si at temperatures between 9500 — 1120°C.
The glass was removed, and a high quality thermal oxide
was grown at 1000°C for 90 minutes. After the Jog mea-
surement was performed on the passivated emitter, the
passivating oxide was replaced by a thin layer of Al, and
the Jor measurement was repeated.

A typical experimental result is shown in Fig. 6. The de-
cay conforms to the theory over a wide range of carrier
concentration. The exiracted effective lifetime, given by
/7.4y = 1/t + 8/W, is over 2 msec. This value is typ-
ical for our process. From other measurements, the best
estimate of these parameters is fy; > 2 msec and 3 < 12
cm/sec.[12,13]. ‘They are clearly unimportant in the ex-
traction of Jog.

We have verified that identical results are obtained whether
the initial illumination is through the oxide or through the
diffused side. This indicates that asymptotic decay is in-
dependent of the initial excitation. This occurs when the
sample width is less than the diffusion length.

As a test of the method, identical phosphorous emitters
were formed on both sides of wafers of varying thicknesses.
By putting the emitter on both sides instead of just one,
the effective Jog is doubled and the s/W term in {10)is not
present. By eliminating surface recombination, it ensures
that the emitter recombination is a greater fraction of the
total. This is also a goed idea if one suspects non-linear
recombination a$ the oxidized surface. Fig.7 shows the re-
sults and the agreement with theory. Since the slope scales
inversely with sample width, the increaze in the recom-
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Fig. 6. - Typical experimental plét. The reciprocal

decay time vs. injection level.
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Fig. 7. - Test of the method. The extraction is car-
ried out on wafers of different thickness having the same
emittera.

bination rate at higher injection levels can be attributed
unambiguously to emitter recombination,

With the foundations of the technique established, the
measurement was performed on a variety of phosphorous
and boron emitters having sheet resistances and surface
concentrations varying over more than 2 decades.

Table 1 shows the results of measurements on phosphorous
emitters. A complete analysis of the results requires a
detailed emitter model [13] and is beyond the scope of this
work. It is nonetheless instructive to note the trends which
‘are apparent when the samples are arranged in order of
increasing sheet resistance.

Comparing the Jog of the metallized emitter to the Jogp
of the passivated emitter shows how effective passivation
can be, For the lightly doped emitters, the Joz changes
by over 2 orders of magnitude. This suggests an emit-
ter which is relatively transparent to minority carriers and
an emitter passivation which significantly reduces the re--
combination velocity. In contrast, the more heavily-doped
emitters are insensitive to the surface treatment: this in-
dicates an emitter dominated by Auger recombination in
the heavily doped layer.

It is noteworthy that the requirements for a low Jop emit-
ter under a metal layer are very different from the require-
ments for a low Jog emitter under a passivating oxide.

Table 2 shows the similar results for a set of boron dif-
fusions. In general, boren emitters are not as well char-
acterized as phosphorous emitters. Again, passivation has
an effect on the Jog of an emitter. It is not, however, aa
dramatic as that observed in phosphorous. This suggesta
that the surface recombination velocity is higher for elec-
trons than holes.
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Phosphorous emitters
Substrate: N =~ 103 ¢cm—3

Ran(0) [ 2(m) | Nawrslem™) | Jopsas(Z2) | Joar (257}
9.0 58 | 5.0x 107 0.45 0.50
57.2 36 | L2x 107 0.10 1.10
753 | 1.8 | 20x 107 0.13 1.70
370 1.2 | 25x 0% 0.03 1.70
890 1.3 | 1.0x10% 0.01 7.00

Table 1 - Phosphorous emitters.
Boron emitters
Substrate: N ~ 103 ¢m™3
Rah(%) z_,‘(,um) Nsur! [cm_a) Jo,ws:(;%‘!) JD,A!(#-EL
5.3 48 | 7.0x 107 0.35 0.42
37 2.1 | 36x 107 0.07 0.57
63 3.0 1.3 x 10™ 0.09 1.10
240 1.1 | 5.4x 10% 0.13 1.00
463 1.2 | 1.3x 107 0.06 1.10
Table 2 - Boron emitters.
SUMMARY

In conclusion, a straightforward measurement of the emit-
ter saturation current is described and demonstrated. Since
no ohmic contact is required,it is suitable for studying pas-
givation techniques. It promisea to aid in the optimization
of solar cell emitter regions and to provide insight into the
physical mechanisms taking place within the emitter.
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