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ABSTRACY

A review and illustration of electrical measuremeats for determination of
the bulx parameters in silicon solar cells is given. The presentation
concentrates on transient and small-signal admittance measurements. These
measurements yisld accurate and reliable values of the base lifetime and the
surface recombination velocity at the back contract without inaccuracies that
normally results from electrons and holes in the p/n junction space-charge
region. This then allows the determination of the recombination current in
each region of the cell. As arn example, current components in the emitter,
lox-doped base, high-doped base and junctiorn space-charge reqion of the back-
surface field cell are obtained. Such araiysis is essentiai in determining the
relative importance of the base and “he emitter and, thus, the region thet
Tirits the cell efficiency.

I. INTRODUCTION

The efficiancy of state-of-the-art solar cells is determined primarily by
the wsinority-carrier diffusion length in the base of the cell and for some
cells also by the surface recombination velocity at the hack contact. It is,
thus, very important to have measurement methods for fast and reliable
determination of these two parameters.

Various methods are available at the present, some of which were reviewed
by others [1]. In this presentation we concentrate on two methods only:
{1) the shert-circuit-current decay method [2], and (2) the small-signal-
admittance methods [3-5]. It will be demonstrated that these two approaches
yield reliable results directly from the data without any adjustable parameters
which are usually taken from the literature when using some other techniques.
The methods also allow the determination of the relative importance of the base
and the enitter regicns of the cells.

II. SHORT-CIRCUIT CURRENT DECAY (SCCD)

This is a reiatively new method described in detail in [2]. We will
deccribe it here only briefly. A solar cell is forward-biased with voltage V
causing fTorward current I, At time t=0, the cell is short-circuited through a
fast and very low resistance MOS transistor, by applving a voitage pulse to the
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gate, see Fig. 1(a). The current transient measured across a small resistor R
is displayed on an oscilloscope. The current transient can be expressed as an
infinite series of exponential decays
® -t/x,. -t/< = -t/
ity =Y i0e Mzime 9+ 7 i(ne (1)
i=1 i=2
where t4; is the decay time constant of the i-th mode and i;(0) is the
corresponding initial value at t=0. As shown in [2] the first mode is dominant
and the higher decay modes can be neglected. The value of the first-mode tq 1s
obtained simply from the 1ogei(t) vs t plot, and the corresponding i(0) is

obtained by extrapolating the straight portion of the plot to t=0. _ This
extrapolation 1is necessary partly because the delay time constant of the

measurement circuit prevents accurate measurement immediately after the closing

of the switch. The resulting plot is schematically illustrated in Fig. 1(b).

Figure 1(c) shows the measured current decay for a n*/p/p'+ back-surface-field

(BSF) solar cell with Ty = 6.4 usec yielding L =180 um,
n

Seff = 1.3 x 107 cm/sec.

The two measured quantities, i(0) and T4, are both functions of the
minority-carrier base lifetime <t and the effective surface recombination
velocity S,¢¢ at the back contact. Simultaneous solution of these two
dependencies (see Appendix A) yields the cesired parameters: «t and Sg¢¢.

The discharging of the excess 2lectrons and holes in the junction space-
charge-region (SCR) occurs within a time of the order of ~1071! sec.  The
discharging of the excess carriers in the emitter occurs within a time about
equal to the emitter 1ifetime or emitter transit time, both of which are much
smalier than the first-mode Tq- As a result, the SCR and the emitter do not
affect the transient observed on a time scaie about equal to <4.

This fact is one of the main advantages of this method of measurement of
the base propertiec in comparison with more conventional transient methods,
such as the open-cir.uit voltage decay (OCVD) and the reverse-step recovery
(RSR). As discussed in detail in [2], both the OCVD and the RSR methods suffer
from distortions caused by the recombination within the SCR and the emitter
that persist throughout the entire decay.

The sensitivity of the SCCD method to the bulk lifetime and to the surface
recombination velocity is illustrated in Figs. 2{(a) and 2(b). These figures
show that for thin cells with W << L, the SCCD method is very sensitive to Seff
but rather insensitive to <. For cells with W > L, the method is very
sensitive to t but insensitive to S ¢¢. This behaviour can be explained by
realizing that if W << L, then most of the minority carriers recombine at the
back surface. However, if W >> L, then most of the recombination occurs in the
bulk,

In the two limiting cases above, the SCCD technique will yield only one of
the desired parameters, cither L or S. In order to determine the other
parameter for these two cases, the SCCD measurement has to be supplemented by
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some other external charcteristic of the cell dependent on both S and L. For
example, one can use the dark saturation current ID or the open-circuit voltage
voc for this purpose. Both lj and V, ., however, may be affected by the emitter
region and the combination of SCCD - I or SCCD - Voc Mmay give misleading
results for the base parameters.

In the next section we explore small signal admittance technigues that are
sensitive primarily to the base properties. The combination of the SCCD and
the admittance techniques gives the base parameters (S, L) for any cell
regardless of the W/L ratio.

II1. SMALL-SIGNAL ADMITTANCE MEASUREMENTS (3-5]

Smail-signal admittance measurements can be used to analyze a variety of
semiconductor devices. We discuss here specifically the applications for
analyzing the solar cells, namely measurement of the base L and Sgg¢ and the
separation of the emitter and the base current components. The small-signal
measurements can be performed either at low-frequencies (wt << 1) or high
frequencies {wt > 1). The choice of a particular frequency range will depend
on the W/L ratio.

A. Low-frequency sethod (LF) [3,4]

Consider a n'/p/pt BSF solar cell shown in Fig. 3(a). For a low-frequency
signal with wt, << 1, where 7, is the minority-carrier electron lifetime in the
p-type base, ﬁderive the expressiorl} for the small-signal quasi-neutral base
capacitance C 8 and conductance G NB respectively (see equations (BIEFand
(Eg) in Appen(R'Nx B). Equations (Bl)Q aniF(BZ) contﬂ_,n four unknowns: C NB*
G NB® L,, and Seff' The parameters C and GQNB are measured anc? the
cambination of (Bl) and (B2) yields L, aném?eff.

[t is worthwhile to discuss in more detail a few special cases:

A.l long gicde: W> L
cLF

For this case, (B1) and (B2) yield a simple expression for QONB and <,
LF _ q AL, v
Coms = & 2, (o0 ly) - 1] (2)
and
2cLF
S )
n g ‘
ONB

The base diffusion length is obtpined eithPLrF from (2) or from (3). The details
concerning the deduction of C NB and G from the data are dl;cussed in
[3]. As an illustrative exampPe, we show 1n Fig. 4 the measured CONB(V) and
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(V) plots for the p' /n device with Npp = 1.25 x 101%em~3.  The analysis
u9¥3 (3) or (3) gives L = 80 um.

A.2 BSF solar cell: Hp < L . HpDn/Ln < S < (D H )

In this case, (Bl) and (B2) are solved to y1eld Ly, and Sgeg. Figure 5
shows the measured C(V) and G{V) dependencies for a p /n/n BSF solar cell from
which we derive L = 500 ym and S = 80 cm/sec.

LF The method fails, however, for < D H/L in this case

= KH [t yields =, but S,¢¢ cannot be $0und &nother limitation exists
f8r high vgﬁues of s ff >> D /H in this case both (Bl) and (B2) are
independent of L, and Seff'

The above difficulties with the LF method can be largely eliminated by the
high-frequency approach.

8. High-frequency method (HF) [5]

We treat the high frequency method for two special cases.

B.1 wry > 10and 0.1 < Wy/Ly <1

The small-signal admittance then is
KD wt, 1/2 T 1/2
HF n . HF HF
QNB ( 2 ) + Jm(?%\ ] QHB + jw CQNB . (4)

The important conc1u51on from (4) is that the wi/2 dependence gives the range
of 0.1 <W /L <1 regardlﬁgs of the value of S ¢¢. To obtain the desirable
parameters, we “measure vs w for wt 2 10 and extrapolate to Tlower
frequencies to obtain an 1ntgrcept wy with GEEB given by (B2). This gives

wp 12
2%ty Oy 1 (,effL“/D"uﬂl (5)
n o Wy IO Sere

Equation {5) cannot be be solved for L, and S,¢e except for the following
cases:

a) Seff nHD/L < Dn/Hp
= (2 ﬁza fo M4 (6)
2

b) N/Ln eff < Dn/wp
= (w8 /2% (7)

JF The method is illustrated in Fig. 6 for the p'/n/n* solar cell of Fig. 5.
QN follows the wt/2 dependence for f > 10" Hz with the intercept at wp =
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(2%10% 1/sec. Using (5) and combining with Ses = 80 cm/sec obtzined by the
LF method, we have L_ =503 um, which is in excellent agreement with

Lp = 500 ym using the LFpmethod alone,

Even though the general solution (5) cannot give L and Seff exactly, and
only one of the parameters is obtainﬂ‘_ either from (6) or from (7), the method
is very usﬁul befﬁuse: (i) the Gg vs /2 dependence shows that L > ¥;
(ii) the G NYS @ dependence in ?cates that the emitter contribution to
the conduct%nce (and dark current) is negligible (this point is discussed
further below); (iii) the SSCD for L > W yields an accurate value of Seff only
and using this value in (5) we obtain an accurate value for L. The combination
of these two methods gives L and S,¢¢ for practically any cell.

The sensitivity of the HF method to tr“»F emitr‘ﬁr com;mnent GH:‘E of the
total measured quasi-neutral conducm_.nce Gy = GQNB+ G N is gxplored in
Fig. 7. The time constant t of NE is g?ven by eithep %he Auger lifetime
tp in the heavily doped emiicer, or by the combination of T, and the
transit time [6]. e emitter time constant is much shorter than the base

lifetime, thus N is frequency independent up to f = >> 1/,
Figure 7 shows GH}G{LN EGHF + 'ﬁe }V Hg 1?‘he

G for an arbitrary choice of G?, .
region far awayQNfromQN%he %ge can be fitted to H'g straig 'tE 1%% with
G a wll"', where m > 2. .Nptice, however, that for G > is close to the
5 91 ONE “1/4
intercept value wp for G NE - 0. Furthermore, s w«ce L « W' s aH?nall ﬁFm'
in wy gives oﬂay a neg]qgﬁble error in L. For example, for GQNE = GONB’
wy = 1.5 wf (GQNE = G), this gives an error in L of only about 10%.

B.2 wr, > 10, Hp/Ln < 0.1

The condition W /Ln < 0.1 may apply for the thin cells (50 - 100 m)
with a very long lifet?me. For this case we have

;2.3
\w l"p/B) * Sege Dy * Seff”p)

G )2 . (8)

g‘;‘ = KDn (D +S W
n eff p

For BSF cells, S.¢¢ < Dn/wp and (8) yields

HF

6oy = K2 (/30 ) + Secl . (9)

Figure 8 shows the GHF vs w dependence for a 8 um thick epitaxial n-type
layer with doping density Npyp = 5 x 1013 cm=3. The «? dependence for f > 1.5
MHz immediately gives Ly > 10W > 80 im and also Sopr << wPW3/3Dy << 1.2 x 103
cm/sec. More accurate analysis of the knee region below the w? uependence
gives Seff = 120 cm/sec and using this value in (Bl) gives more accurate
Lp = 90 um.

Note, that the HF method for L > 10 W gives only the lower limit of L and
the upper limit of S,¢c. A combination of this technique with either the LF
method or the SCCD can give more accurate results.

315



B3 wr, ~10 , W/ ~0.1

For the pPEViOﬁE two _special cases we have obtained GSER a w1/2 for
here  ha

2 .
W/L <0,1 and G aw for W /L < 0.1 Obviously, t s to oe an
iRteMmediate range TOF W /L, ~ 0.1 where GREB ad® ((<m¢2). One possible
approach here ﬁ? to obtain S,ee from té% SCCD method and then fit the
theoretical  Goy (S ees L )  with the experiment. A very reasonable
approximation ogﬂ T, can nbe made, however, by realizing that the N VS
dependence begins to increase from its low-frequency value for
w = wy o= 10/<_ [5). _Thus, =+t = 10/w,, where w, _can be approximated as the

intercept of ghe 852 line with the extrapolated tg; P dependence.

IV. REGIONAL ARALYSIS OF SOLAR CELLS

It is important to analyze the contributions of each region of the cell to
the total dark current (or V. ). Such an analysis is demonstrated here for a
nt/p/p* BSF solar cell shown in Fig. 3(b). The analysis is based on the
determination of the base parameters =<, and S,e¢ Dy one of the methods
discussed in Section Il and IilI. This is sufficient to calculate the profile
of the minority electrons in the base. The recombination losses in the base
are given by (B2) and the recombination losses in the p'-BSF portion of the
base are

+
In(up) = IB = AqseffN(up) . (10)
The SCR recombination current Iscp can be determined graphically [7] and the
emitter contribution Ig is obtained by realizing that the total dark current is

1.+ 1

Ip=Tg* Igg* Ig* Iy -

¢ (1)

For example,such an2lysis of the p'"/n/n+ BSF cell of Fig. 5 gave [4]:
L =500 um, Seff = 80 cm/sec, IB = 0.8 ID’ ISCR = 0.2 ID’ Ig << Ip,
IB << ID.

V. SUMMARY

Table I gives a summary of results for a number of different cells. A
comparison of results obtained by different methods, shown for some cells,
demonstrates very good agreement, Notice, in particular, the last cell in
Table I, which is a thin cell (Wy,qo - 92 um) with L, > Wg. For this cell,
the SCCD method gives S = 180 cm/sec, but the meth.. is insensitive to L,
(see Fig. 2(a)). We have to combine the SCCD method with the high-frequency
small-signal admittance method and then use (5) with S,¢¢ obtained from the
SCCD method to determine L.

The main conclusion of this study is that the SCCD method and the small-
signal admittance methods yield a rapid and reliable determination of the base
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parameters. They also allow the determmintion of the relative importance of the
base and the emitter regions with regard to cell efficiency. Identification of
the region 1imiting the efficiency is a key to an informed cell design.

Acknowledgement: This work was supported irn part Ly NSF Grant No, ECS-8203091.

APPENDIX A

To obtain the base diffusion length L and erfective surface recombination
velocity Sgge at the back contact we have to solve the following two equations
for the first-mode decay [2]:

14+ (DpKIIL Seff)cot\HQNB l/L ) = (A1)
(o) - - qD PS‘(OLO")K1 cot (K HQ?B/L )= (D 1/Lp eff)

1p (tp/?l(l T+ (W QNB/ZSeff )[cosec [Kl Qm/Lp)](Azi

Here Ky = (-1 - S3r )1/ % 51~ Ly, Woyg 1S the width of the quasi-neutral
base, and P(0, O ) /NDD)[exp(qV/kT) - 1] where V is the steady forward
voitage applied for t < 0

APPENDIX B
The smali-signal quasi-neutral base capacitance and conductance are given
by [41:

+ T g iy (B1)

oF K L
S =T D W

— (B2)

where K = Aq(q/kT)(nilNAA)exp[(qV/kT) - 1].
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Table I: Summary of results for some typical solar cells.
The values for Lp,c. and S ¢¢ were obtained using
the SSCD method, un?ess marked otherwise

CELL Pbase “base Lbace Sefe
(Qcm) (m) ( ym) (em/sec)
nt Ip/pt 10 227 454 105
BSF 450*
n*/p/pt 10 103 250 2.9x103
BSF
n*/p/p* 10 360 512 2x10°
n*/p/p* 0.15 295 100 ——
p*/n/n* 10 320 303"
+ +
BSF 500 80
nt/p/p* 10 92 ~600" ~180
BSF

* obtained from Gg:

LF

t obtained from GON
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(b) Plot of v vs S,e¢ for a thick n*/p/p° BSF solar cell (fpase =
0.15 Qcm, Wy, o = 295 ym).
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Fig. 3 (a) Schematic diagram of an n'/p/p" BSF solar cell.
(b) Qualitative sketches of minority-carrier distributions in
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Fig. 4 Measured conductance and cagacitance vs forward-bias V for a long p'/n
diode with Npp = 1.25 x 10! cm™3 and Wy,co = 25C un (from Ref. [3]).
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Fig. 5 Measured capacitance and conductance vs forward biﬁf for_a p'/n/n* BSF
soiar cell (from Ref. [4]). Here, Npp =6 x 1077 em™, MWp.qqo = 320

pm,
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Fig. 6. Measured high frequencv conductance GHE vs fregency for the g*/n/n*

solar cell of Fig. 5. The conductance was measured at forward bias
V=0.5V and shows u”z dependence.
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Fig. 8 Frequency dependence of high-frequency conductance for a thin (8 um%

n-type epitaxial layer (from Ref. [5]). The conductance follows w
dependence.



DISCUSSION

VOB ROOS: You made one comment I would to tealk about, and that was the dif-
fusion length —— if it is much larger then the width of the cell, it can-
not be measured by any other means. MNow, that is not quite correct.
There is another mesns to do that, end that ig with the EBIC or
amplitude-modulated electron beam; measuring the phase shift wili indeed
give you the lifetime, and therefore the diffusion leagth —- also in the
cage where the ratio of width over diffusion length is very small.
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