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ABSTRACT

In order to evaluate correctly the ambipolar diffusion
length (Lamp} or the ambipetar drift length (Le) from a Stweady
Jaie FPhotocarrier Cradng (33PG) diffesion or drift
measurement, the condition of charpe quasi-newtrality has © be
maintained cvorywhere in the material f{ambipolarity
condition) Thiy i5 shown theoretically, by calculating the
experimentally accessible parameter () without assuming a
priori that the ambipolarity condition holds. The effect of non-
ambipolar behavior on the experimental plots, both for diffusion
and drift is derived. Thereafter, measured S8PG plots For
undoped a-5i:H are given, iliustrating both ambipolar and non-
ambipolar cases,

INTROLUCTION

Severnl transport measurements methods have been
developed 1o evaluate the quality of semiconductors for
photovoltaic and other device applications. In the past years,
various rescarchers bave wled w apply the measurement
methods originally developed for crystalling silicon to the case
of amorphous hydrogenated silicon {a-5i:H) and especially to
that of undeped a-5i:H. This approach has been succegsful in
evalnating clectron wansport properties. However, when
atemipting to evaluate the mobility of holes and their mobility-
litetime product, these "classical” Een:limndu.:mr measuremeant
techniques have led w0 major problems: Le. they give unprecise
values (as in the case of the Surface Photo Vollmge (SPV)
measurement where the Schotiky barrier used affects the
measurement in an uapredictable way (7)), they lead w0
controversial results (as in the case of Stesdy-Siare Hacht Plot
where the distinction between holes and slectron: is
controversial (3,6)), or they lead to measorement difficultics (as
i the case of the Photo Magnetic Effect (PME 9. On the other
hand, transient measurement techniques like Time of Flight
{TOF) (10) have allowed a clear determination of the electron-
and hole-(t) products, but thers is ne evidence that valugs of
the wansient mobility and of the (ut}-product measured thereby
can be applied to the steady-slatc opcration of a solar cell.
‘Whatcver may be the limiting carrier for collection in 2-5i:H
solar cells (this is, in fact, a controversial igsue {5,6,8)), holes
definitely have a key role to play in assuring the uniformity of
mcﬂmmnﬂlﬁwiﬂuumnmla}raurap—:-na—ﬁmmlarceu
Thus, it rernains important 1 find a method for the steady-state
Emumnmt of hole transport properties in the intrinsic a-51H

VEr.

The Sieady Siate Photocarrier Grating {SSPG)
measurement method has been recently proposed (3.4) as a
relizble means to measure both the ambipolar diffusion length
(Lamt) by performing the $SPG measarement with a neghsible
sxternal electric fald (B, ag well as the ambipolor drift length
(L}, by performing the SSPQ measursment with a high Bay. In
ambipolar mansport theory (see e.g. (1, 2)), the carrier with the
lowest ¢rift mobility will dominate wanspert. In inirinsic a-Si:H,
holes have a lower drift mobility than electrons, due (o the effect
of fixed charges, i.e. of trapping, Therefoas, Lymp and Le as
measured by 350, are predominardy inflocnced by the
transport properties of the holes. Note thatin (1-4, 12) only the
effect of trapping in bandtails has been taken into accoant.
However the fixed charge due to dangling bounds is of at least
cqual importance. Revised calculations are ynder way and will
be pehlised Tater.

However, for golar cell desipn and analysis. it is not the
value of that connts, but that of the hole steady-state drift
mobility (up%) and of the (pd to)-product of holes (T, is the
small-signal lifetime, that can, in principle, be measured
independently on the same sample). The value of pp? is of
particular importance, as it directly deverrnines the uniformity of
the inner electric field in a pri-n solar cell (5,6). The cxpression
for Lamy, involves the sieady-siate drift mobilities p,9 and ppd
ammgasﬁeuuﬂwmpmgmefﬁcimtsmpfnrdmmmand
for holes (Yop a2 defined in (1))

]-aﬂ:bz fe) ta (o 1+‘rp'1} 4 p‘ih’gln‘i'fnp“} (Note: if
.P':? mu{pnp.p (updr Kp*) The apparidon of
’ﬁplﬂﬂlﬂﬂﬂpﬂﬁ&lﬂlﬂflmbmhﬁﬂlﬂt
the musu:ement of Lyt Alone is insufficient in order to
evaluate the (ppd To)-product. The measurement of L, is thos
needed in order to got wore information about o p. Le, that had
been called Lamt® in {2}, can be expressed as:
La= Tg {Yn™! - "I'p'l.'l Er.:l (aTp™} 7 (oT+Hp®) = PainbToFex:
where Lgmb= (! = %) (un neS+ppd)). Note here that if
Ta=Yp then Lo=0, The "effective” Ematmn relation applies here:
Lo/Lamb® Bex=e/KT (Yn-YpW(Yu+Yp) {2); and it will gi give us the
vilue of © = {Y-Yp)(¥a ). The value of r will help us to asses
the magnifude of the factors ¥, p. Unfornmately it ic not pogsikle
even with bath Lygp and Ly measurements 1o evaloate the two
factors y, and Yp. A model relating e.g wapping 1o the Densicy of
States (DOS) is needed here in order to evaluate ¥, p (se2 (12, 4,
1) for a model that takes only bandtails into account).

Funthermore, even for the SSPG method, partcular care
has to be whkon with regards to the peasursorwan comlithvns: as
meniicned in {(2) and {4), one has to fullfill the amblpolaricy
condition it order that an 5SPG measurement renders the
comrect values for Lamyy, o L, This condition can be attained



only if @) the material fullfills the so-called lifstime criterion: the
ratio T/ Tg (where Ty = g/og is the diclecric relaxation dme, & i3
the dielectric constant and og the photoconductivity due to the
bias light) is large as compared to a cenain threshold I” (the
valoe of [ depends on the rado of the drift mobilities and will be
different for the drift and diffusion cases (see(2))) and if &) the
experimental excitation conditions insure that charpe neutrality is
maintained everywhere in the material. (Note here that the
ambipolarty conditfion iz more restrictive than the lifetime
criterion: in a lifeime material, local space charge can persist doe
to the particular excitation conditions. Furthermore, our general
calcolations for the SSPG case show that it is impossible to
perform amhipalar fransport measrements in a non-lifetime
material),

ically, for the S5PG diffusion measurement,
Balberg et al. (7) have proposed o determing Lymy from the
experimentally accessible parameter § by plotting a particular
function: A~ = f[(24(1-p))%-5], where A is the grating period
and ) is defined as described in the cxperimental part of this
article. Assuming a priori that the ambipolar condition is
fullfilled, they calculate this plot to be a straight line. From the
intercept of this straight line with the A~2 axis, Lymp can be
evaluated, Similarly, if one performs SSPG drift measurements,
and again assumes amblpolarity conditon to hold, one can
evaluate Ly from the slope of another plol; as can b calculated
from (3), the function applicable now is: A2 =f[2/{1-B)], and
this plot will again become a sraight line.

In the present paper we will first show theoretically how
the particular plots for drift and diffusion are modified when the
lifetime criterion or the ambipolarity condition are pot fullfilled.
We will then give experimental evidence for different a-Si:H
samples, of behaviors both fullfilling and not fullfilling the
ambipolarity condition.

CALCULATION OF THE GENERAL S5PG SOLUTION
FOR DIFFUSION.

This calculaton is an application of the theory developed by the
authors in (1). If the applied eleciric field Eqyy used for the
S5PG measurements is negligible, only the diffusion of carriers
will be responsible for the measured effect. We have derived in
(1) the critical eleciric field E; above which drift also begins w
influence the measured effect. Neglecting the effect of the
factors Y p, Fe becomes Eo= (kT/e){1/Lanmn). Ex will be Targer if
one considers the effect of vy p (1}, Therefore E, as defined
above, is the minimal critical electric ficld. Note here that Eg
decreases when Ly increascs, Le. drift effects will affect the
measurement even at low electric felds for samples where Lomb
is large.
We have solved the system of ranspornt equations for the small-
signal sinnsoidal excitation of the SSPG experiment without
assuming that the ambipolarity condition holds. We have used
the argumentation of (4) to calealate B (defined as in (4)), nsing
our general solution for the distribution of the cartiers. We find
the followlng gencral cxpression, not resmicted w the lifetime
and ambipolar case:
2 _ o D+28L. /AP [1+(2nL, /AP
1-B A+ B (2n/AN
where A = (a8 + Hpdp) / (1 +updy =1

B =2 (kT/e} Tg Ma? 1p%) / (o Yo (n® + pp®)

C=1p/tp =]

TR is the bias carrier recombination tme (1),

L, L. are the peneral diffusion characteristic lengths (1),

]

The "pure” diffusion plot: A2 = f(2/(1-§))0-5] gives a straight
line if and gqly if &) the marterial is in the liferme reglme: 1.
=Lamb >>Li=Ldie1 and b) the term B-(2xfA)2 is negligible
compared with A (ie. if A is large enough: ambipolarity
condition), Note here that lifetime behavior depends on material
parameters as defined under bias light, and that the ambipolarity
condition depends on excitabon (i.e on A in this case and, in
general, also on the boundary conditdons).

If, for example, A is comparable to Lgje), space charge will be
present in a lifetime material {non-ambipolar case), and the A2
= fI{Z/(1-F))°5] plot will no Jonger be a siraight line. If the
material does not fulfill the lifetime criterion, (Le. either if L.
sl of if Loml.q »> L, =la (relaxarion case (1)), then the ferm
B(2n/A)2 is not negligible compared with A , and we can see
from [1], that the plot of A=2 = f[{2/(1-p}}"3] is no longer a
straight line. For both the non-ambipolar case and for the
relaxation regime, the second derivative of the function A2 =
fL(2/(1-B))0-] is positive, corresponding to 4 concave curve,
Fuch a concave curve is therefure the signature of the prescoce
of space charge in the material. In this case, the value of the
characteristic lengths cannot be easily deduced from the A2 =f

[(2/(1-))0-5] plot.

CALCULATION GF THE GENERAL 33PG SOLUTION
FOR DRIFT

When Eey >>E;, drift will predominantly affect the carrier
distribution, i.e diffusion will be negligible. The intermediate
case, when both diffusion and drft affect the carrier
distribution, has already been stndied, provided the ambipolarity
condition holds, by Ritter er. al. (3). They coald show that here
the effect of diffusion simply adds to the effect of drifr. Cne can
however show that if the ambipolarity condition does not hold,
one can no more simply add these two effects, Therefore the
non-ambipolar (drift - diffusion) intermediate case is more
eomplicated, and we restriot our analysis to the case Egp =>E
{drift only). We obtain then:

«J'zm-ﬂ) =

V 1+2nL/AY V 1+{2nL, /A 5
Hnd 142N T gextg /A HITY 14 QAT EexindIAY. o
2
where L+ are the ral drift lengths:

L+=2 Tg pnTpp? B/ {u~2lu~2+4pnT upd Tytro)04)}, where
g, e, i~ are as defined in(1).

If the material fullfills the lifetime criterion, then L.=Le

and L= Laiey@rift << L.,

If the ambipolarity condition is fullfilled, cur expression reduces
to the usual one for large electric fields (3). In a S5PG "pure”
drift experiment (Egx>>Eg), the plot of A2 = £[2/(1-p)] will
mive a straight Hne only and only when ambipalar condition is
fullfilled. In this case, the value of {yq-1-yp-1)(ipd 7o) can be
deduced from the slope of the plit of Le as a fuction of Eayy.

Note that the vaives of P measured in an ambipolar "pure” drift
measurement will give a lic curve when plotted on a

"pure” diffusion plot: A<= fI¢2/(1-p30-3]. Therefore, the
obacrvation of a corvature on a diffusion plet can be duc either
o the effect of a relatively large Byy (comparable o Eg), or o
non-ambipolar behavior in & “pure” diffusion case. Note also
here that the ambipolarity condition is more difficult to establish
in the case of a S5PG drift measuremnent as compared 1o a
SSPG diffusion measurement, First, because the presence of an



external electric field renders the lifetime criterion more difficult
to fullfill, and sccondly becauwse by incrcasing Dayy, Le and
Lie it also incrcase. As the range of A is limited by the laser
wavelength used, one tends thus to reach the non-ambipolar
case where Lz A= gm0,

EXPERIMENTAL

In the SSPG measurement, 28 He-Ne {10 mW) polarised laser
beam is split into two beams of different intensities Fy and Fa
(F1/Fa= 35 in our casc). These two beams interfere in the
sample, producing @} an interference prating when they are
polarised parallel 1 each other. or b} an uniform illumination
when one of them is polarised perpendicularly to the other, In
case g}, the HeNe light interference pattern photogenerates a
camricr grating. The mecasurement of the photoconductivity
perpendicular to the grating depends on the average amplitnde of
the carricr distribution; its value Gprating 15 different from the
value Sng prasing obtained under uniform illuminaton. In the
SSPG method, Lamp is determined from the variation of the
experimental ratio B=Ograting/Ono grating With the grating period
A, A Is varied by changing the angle of incidence of the two
laser heams on the sample. Diffusion measurements are
performed with a negligible E.;, whereas drift measurements
arg perfurinsl with Egyy high comparsd w B, We will present
the results obtained for two a-8i:H samples in the degraded sate.
The ¢lectro-optical characteristics of sample | and of sample 2
are given in Table 1. Two paraltel Chromivm contacts, separated
by a 0.5mm gap, were evaporaied on the surface of the samples,
The measurements were performed at an illumination intensity
of about 10 mW/cm< for the bias light (HeNe laser). The
photoconductivity op was measured with the bias lght

Sampled/ jim | op/ 8 {EpfmeV |Nglonr? | Lamn /um|Ey/Var! {b
1 2.4 210761 71016 |0.08 3260 7
2 2.5 |71 7161 2.5 1016 |0.135 1911 20

Table 1: Electro-optical properties of samples 1 and 2. E; and
Ng are the Urbach prameter and total defect density,
espectively, measured by PSS, Ec=kT Lymk'e 1s the minlmum
critical electric field (see text), b=p%u is estimated according
o (4). The two samples were deposited by VHF-GD at 70
MHZ. Sample 1 was deposited at Ty~ 150 °C, and sample 2 at
Tg=300°C (see (11) for details of the deposition parameters).
The experimental results are given in Figl and Fg, 2.

3
100 V200 V
rfla 2T TV TR
Loqt
Dl.[l 1.5 2.0
NHOE?
3
100V 200 V 300 V

0.1[
E |
=
2 003
l} i i i
0 2000 4000 6000 8000
E/V

Fig.l: Measured S5PG curves, at different voltages for sarople
1. From the A2 = fI2/(1-B1)0-5] plot at 2 voltage V=TV, the
value Lamp=0.08um was deduced. We did not measure, on any
of gur degraded samples, a non-ambipolar behavior in the
diffusion case. The critical voltage V.=E,/0.05cm =163 V.
According to (3), the plot of 2/(1-Pud-2/(1-B7v) gives a straight
kine in the ambipolar drift-diffueion intermediate coce. The clopa
of this straight line gives Le. From a L.=i(E) plot, we can
evaloaie tambto = (1! - Yo 1) (up 0) =1.67 10-? cm®V-15-1in
the mixed drift and diffusion regime (Le when Le= Lanp, where
both diffosion and drift play a role). The "effective” Einstein
relation is found to be 1.55 KT/e. From thia measured value we
obeain yp = 3yp. Such a large difference berween 7y and fp
shows that the approximation ].lmnb’lﬂbj.lpd“l,:. would certainly
not be valid for this sample. As V. was high, it was
experimentally not possible to reach the regime where drift is the
predominani effect.
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Fig.2: Measured SSPG curves at different voltages for sample
7. From the A-2 = fT(2/(1-)30-5] diffusion plot and at voltage
V=7V, the value Lymy=0.135 pm was deduced. For this sample
V=06 V. For samples with large Lamb, such as this one, the
effect of drift manifcats itself at low cloctric fields, Mote that the
representation of [ measured at high applied voltage gives a
curve on the diffusion plot: A2 = f(2/(1-P))0-3]. For voltages
V=200V and above, we observe a deviation from the straight
line o the 24 1-Bia) - 201-Pry) plot. Such a convex curve 18
observed when non-ambipolar conditions prevails, for example
if : Lem=A=Lgia™, In the non-ambipolar ¢ase, 0N canno any
longer determing L, For our samples, the value of Eegy at which
ambipolarity condition is no longer fullfilled is reached at about
2E.. This shows that thers is only a small region with mixed
diffosion and drift where the necessary ambipolar condition
holds.

CONCLUSHIONS

The particular experimental eurves for both the SSPG
drift and diffusion measurements, Le A-2= f[2(1-)], and A2
=] (24 1-B¥)0-5] respectively, are straight lines if and only if the
ambipolarity condition is fullfilled. If this is the case, onc can
correctly evaluate Lagh and L. In a lifetime material, depending
on excitation conditions (i.e on the grating period), the
ambipolarity condition may hold or not, whereas in 2 non-
Lifatime material, the ambipolarity condition cannot he full filled

in the S5PG measurement, All our measuremnents have shown
non-ambipolar behavior when performing SSPG dritt
measurements at high Eaxy (Eexe>2Eg). It is therefore not
legitimate to assume a priori that the ambipolarity condition
holds. With our samples, we were only able 1o evaluate
correctly the value of L (ie. of the (lamh To)-product ) in the
cage of mixed drift and diffusion.

The valus of pymy s not usefil per sc for solar cells
analysie: in a p-i-n solar cell, the ambipolarity condition certainly
does not hold, becanse the elecirons and holes are forcefully
separated by the inner field. It is clearly the (up9 to)-product
value (and the drift mobility pip®) that is imporant for solar cell
design and anlysis.

The measorement of both Le and Lamp 18 generally
necessary, as it allows one to get information about the rato
To/Yp- If this ratio is much larger than 1, it is not legitimate to
pretend that the measured (WampTo)-product valueis
approximatcly cqual to the (up? Tg)-product. It is therefore
necessary 1o perform both Lk and Ly measurements to check
1o whai extent the factors q,p intervenc in the determination of
the {ppd To)-product value. In order to evalvate precizely the
value of the ﬂ.l.pd Torproduct, i1 is necessary 10 use & model
based on the density of states for the evaluation of v, and of ¥p
(see (12) for an attempt at such a model).
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