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EXPERIMENTAL AND THEORETICAL STUDIES OF HYDROGENATED

AMORPHOUS SEMICONDUCTOR ALLOYS AND SUPERLATrICES

A. STATEMENT OF THE PROBLEMS STUDIED
The electronic properties, band structure, and the distribution of localized states in

semiconductors, thin-film hydrogenated amorphous Si and its alloys, and disordered

systems.

B. SUMMARY OF THE MOST IMPORTANT RESULTS

Study of Bulk and Surface Recombination in a-Si:H
Using our combined photoconductivity and diffusion length measurement

technique we have derived bulk mobility-lifetime products and the surface recombination
velocity of both types of carriers in undoped hydrogenated amorphous silicon (a-Si:H)

deposited by glow discharge decomposition of silane. The study was based on

comparison of the experimental data with the classical theory of semiconductors. The
measurements were carried out as a function of light intensity with two types of

illumination; a He-Ne (7328 A) laser, and a He-Cd (4420 A) laser. The results, at a light
intensity of 25 mW/cm2 , have shown that for the same photon flux the He-Ne laser yields

a photoconductivity 15 times larger than the one achieved with the He-Cd laser. On the

other hand, the corresponding ratio for the minority carrier mobility-lifetime product was
lower only by a factor of two. These results were interpreted assuming surface

recombination velocities of the order of 10-100 cm/sec and a moderate improvement in
the quality of the material with film thickness. We have also found that the surface
recombination velocity may be quite different for the two surfaces of a film, indicating that

growth conditions play an important role in the electronic structure of the surface. From

the illumination intensity dependence we were able to derive information regarding the

states distribution on these surfaces.

Measurements of the above photoelectronic properties as a function of
temperature has revealed information on the temperature shift of the electrons' and holes'

quasi-Fermi -levels. For example, we have found that while the photoconductivity is
almost insensitive to temperature variations around room tempermture, the mobility-life
time product of the minority carriers has an activation energy of Ea=O. 11 eV. Under some
assumptions on the material parameters, these results may yield the density of state! in

some energy intervals of the pseudogap of the materials.
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Within the friamwork of the present study we have developed the theory of the

photocarrier grating (PCG) technique and utilized it to interpret our experimental results

on a-Si:H. This has enabled the derivation of the mobility-lifetime (.'r) products of both

types of carriers in undoped and doped a-Si:H. Previous experimental works using this

technique were limited to the derivation of the gt products of the minority carriers only.
Furthermore, we were able to develop a criterion under which the application of the PCG

technique yields indeed the value of the minority carriers gr product. We also showed that

this criterion is not always met. Hence, we made the PCG a routine tool for the evaluation

of the microscopic photoelectronic properties of a-Si:H.
In our studies we have also used the photocarrier grating technique for the first

time in the high electric-field regime. The results were shown to confirm the so far

unproven theoretical predictions for this regime. We have demonstrated that by

application of the PCG technique in the high field regime, accurate values for the ratio of

the two carriers grt products can be deduced. This is in contrast with the fact that their

sum cannot be derived accurately from the measurement of photoconductivity because one
cannot determine accurately the carrier generation rate. Combining the ratio determined by
the high-field PCG, with the low field data, yields then accurate values for the mobility -
lifetime products of both carriers.

In the low electric-field regime the many reports concerning the utilization of the
PCG technique have assumed that ambipolar transport takes place in the PCG when it is
applied to a-Si:H. This assumption, which is decisive in the interpretation of the
experimental results in terms of the ambipolar diffusion length, has not been tested so far.
In our work we developed the first corresponding ambipolarity criterion and have
demonstrated that while ambipolarity is maintained in device quality a-Si:H it does not

apply to lightly doped or poor quality a-Si:H materials. The results were shown to confirm
our theoretical suggestion that the observed ambipolarity in a-Si:H is due to-trapping

effects.
The relation between the inhomogeneity along the direction of the film growth and

the surface recombination velocity has been studied in device quality a-Si:H films. It is
found that the material is electronically inhomogeneous "deep" into the bulk up to a
typical depth of the order of 1000 A. Hence, the surface recombination velocity in a-Si:H
is not a true surface property as in crystalline semiconductors. This result is important for
modeling electronic devices, since these are typically only a f,:w thoi.sand angstroms thick.

Using the deposition temperature as a control parameter for variation of the
dangling bond concentration and the relative position of the dark Fermi level, the
photoconductivity and the ambipolar diffusion length were measured on samples prepared
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by sputtering and glow discharge at different temperatures. Thi's has enabled us to

differentiate between different suggested models for the energetic position of the

recombination centers, as well as the recombination kinetics in a-Si:H. It was found that
the "defect-pool" model yields the best description of the system..

Finally, we were able to achieve the first combined application of the Metal Oxide
Semiconductor and the Photocarrier Grating configurations. This combination enabled us
the first simultaneous study of the two carriers mobility-lifetime products and their light
intensity exponents as a function of the position of the Fermi level, in undoped a-Si:H.
We found that anticorrelations and correlations prevail between these two sets of

quantities. The conclusion we derive from these behaviors is also that the defect pool
model accounts for the phototransport data much better than any other model.

We have studied the Raman spectrum in a-Si:H as a function of film thickness in
order to follow variations in the degree of order in the amorphous network. The results
indicate an improvement of the order with sample thickness. There are considerable
differences between the optical phonon modes at the surface and in the bulk which we

attribute to the fact that the surface layer is less ordered than the bulk. These results are in
agreement with our former observation of improvement of the photoelectronic properties
with the film thickness. More recently we have studied a-SixCi.x:H alloys and found quite
surprisingly that the silicon network order increases with carbon content. Furthermore,
due to the possibility of bandgap tuning by carbon content and/or variation of laser
wavelength excitation, we found a resonant Raman effect.

The Semiconductor/Electrolyte Interface

Non-Parabolicity in the Lowest Conduction Band of CdS.
Pulse measurements on the semiconductor/electrolyte system were used to induce

and study space-charge layers at the semiconductor surface. Measurements on CdS show
that the free-electron-like lowest conduction band in hexagonal CdS is highly non-
parabolic. A simple model for the structure of this band, which assumes parabolicity up to
0.125 eV above the band edge and a linear dependence of the energy on the wavevector at
higher energies, accounts well for the experimental results. The density-of-statcs function
that emerges from these results is compatible with reported theoretical calculations.

In addition, the measurements indicate that surface states are practically absent at
the CdS surface in contact with the electrolyte. They also shed light on the process of
charge leakage acros: the CdS/electrolyte interface, leakage that occurs mostly when
strong accumulation layers are induced.

0 -



Surface States at the Silicon/Electrolyte Interface.

Pulse measurements on the Si-electrolyte interface were used to study surface

states at the silicon surface. We find that for CP4 etched silicon, surface states exist in

the upper half of the energy gap, with a total density of about 1012 cm-2 . Addition of a

minute amount of hydrofluoric acid to the electrolyte reduces their density by one order of
magnitude. It has been reported that the surface recombination velocity on an oxidized
surface is considerably lowered by an HF treatment, suggesting a cc-.responding reduction

in the density of surface recombination centers. Our results, however, constitute the first
direct evidence for such"a reduction. It appears that Si-H bonds are formed at the

interface, just as has been reported for an HF-treated free Si surface. Very likely, the
formation of such bonds leaves, on both types of surface, considerably fewer dangling
bonds and. hence considerably fewer surface states.

• Study of Density of States in a-Si:H.
Pulsed measurements on the sofid-electrolyte system, which proved very useful in the

study of crystalline semiconductors, have been found to be equally effective when applied

to hydrogenated amorphous Si films. Here, as well, the a-Si:H/electrolyte interface is
* essentially blocking to current flow and, as a result, surface space-charge layers, ranging

from large depletion to very strong accumulation conditions, have been induced and

studied. Measurements in the depletion range under illumination yielded directly the total

density of occupied states in the entire energy gap. This is very useful in obtaining a quick
and reliable assessment of the quality of the amorphous films. In high-grade films we find

that the total density of occupied states is around 1018 cm"3 . The data in the accumulation
range, on the other hand, provide useful information on unoccupied states near the

conduction band edge. The blocking nature of the amorphous Si/electrolyte interface was
* utilized also to apply a sweep-out technique for an accurate determination of gt, the

product of the electron mobility and lifetime, even when this value is very low. In a rather

poor-quality film, for example, we find -tr to be 5xl0-8 cm 2/V.

* Cermets and Metallic Colloidal Suspensions

Tunneling and Percolation Behaviour in Granular Metals.

The nature of the percolation process in granular metals was examined for the first
time by a computer simulation of a system of metallic grains embedded in an insulating

* matrix. Assuming that the intergrain conduction is due to quantum mechanical tunneling it
was found that a percolation-like critical behavior of the conductivity is obtained, but that
a percolation universal behavior will be found only in a very special case. In contrast, the
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behavior of the electrical noise does not deviate substantially from the universal one.
Comparison of these results with experimental observations suggests that in the metallic
range, both transport properties are controlled by the continuous metallic network rather

than by intergrain tunneling. We propose that the metallic network resembles the
previously studied system of "inverted random voids".

Local Fields Around Clusters of Prolate Spheroids.
T_-matrix formalism was used to calculate local electric fields around clusters of

prolate spheroids in the long wavelength regime. The calculations are performed as a
function of interparticle distance as well as the angle of orientation. The observed red
shifts in the resonant wavelengths of the characteristic peaks are shown to obey an
exponential relationship as a function of interparticle separation and a sinusoidal
relationship as a function of angle of rotation of the spheroid. The behavior of the cluster
was examined and the two effects, of separation and rotation, were compared.

The results of these calculations were applied to cermet materials and metallic

colloidal suspensions in alkali halide crystals and their effect on enhanced Raman

scattering was discussed.
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NON-PARABOLICITY IN THE LOWEST CONDUCTION
BAND OF CdS

S. Z. WEmz,t J. PENAL.RT,f A. MANIt S. TRoCKAI4 and Y. Go LsmNt
tDepartment of Physics, Unkieruty of Puerto Rico, Rio Piedras, PR 00931

Racah Institute of Phyics, The Hebrew Unvemity, Jerusalem Israel

(Recelmd 26 February 1990; accepted IS March 1990)

Abstract-Pulse measurements on the CdS/electrolyte system are used to induce and study space-charge
layers at the CdS surface. Such measurements show that the free-clectron-like lowest conduction band
in hexagonal CdS is highly non-parabolic. A imple model for the structure of this band, which assumes
perabolicity up to 0.125 &V above the bend edge and a Unser dependence of the energy on the waveector
at higher energies, accounts wol for the experimental results. The density of stati function that emerges
from these results is compatible with reported theoretical calculations.

In addition, the measurements indicate that surface states are practically absent at the CdS surface in
contact with the electrolyte. They also shed light on the process of charge eakage across the
CdS/electrolyte interface, leakage that occurs mostly when strong accumulation layers are induced.

Keywords: CdS, band structure, surface, quantum wells.

INTRODUCTION the CdS surface when in contact with the electrolytes

Band structure calculations for hexagonal CdS [I, 2] used.

indicate the presence of a nearly-spherical, fre- THE SPACE-CHARGE LAER AND THE
electron-like lowest conduction band extending up to SEMICONDUCrORIELECTROLYrE INTERFACE
about 1.8eV above the band edge. While these
calculations provide a broad, overall picture of the In this section we review briefly the characteristics

band structure, little detail can be gleaned about the of the semiconductor surface space-charge layer [81
precise shape of the lowest conduction band. Experi- and consider several features of the semiconductor/
mental results such as those derived from optical electrolyte system, stressing those points that are
measurements are also lacking. In this paper we make directly related to our present work. We consider a
use of the semiconductor/electrolyte (S/E) system to homogeneous, non-degenerate, n-type semiconduc-
study the surface space-charge layer of CdS. The tor having fully ionized donors. For depletion and
higher reaches of the lowest conduction band become accumulation layers (one-carrier system), the surface
occupied in very strong accumulation layers. Such space-charge denqity (per unit area) can be expressed
layers can be induced in the S/E system provided as
pulsed 13-5] rather than d.c. biases are employed. - -qN,. (1)
Electrochemical processes are then largely circum- where q is the absolute magnitude of the electronic
vented, permitting the derivation of the physical charge and N, is the surface electron density. By
characteristics of the surface with minimal involve- definition, N, is zero under fiat-band conditions,
ment of the rathta complex surface chemistry. positive for accumulation layers and negative for
Similarly to the case of ZnO [6, 7] and Si [5], accumu- depletion layers. The space-charge capacitance is
lation layers of surface electron densities as high as given by
10'cm12 can be induced and studied at the CdS ¢.- 1./v111 (2)
surface. Analysis of the data obtained for this range
indicates that the lowest conduction band is highly where V, is the potential barrier height at the surface.
non-parabolic, and provides a fairly good idea as to The effective charge distance L, which represents the
the shape of the band up to about 1.5 eV above the effective width of the space-charge layer, is given by
conduction-band edge. the expression

The S/E interface is not perfectly blocking and C,. - X/L4, (3)
some charge leaks between the two phases, especially where K is the relative dielectric constant of the
when strong accumulation layers are induced at the semiconductor and to is the permittivity of free space.
CdS surface. The pulse measurements yield a detailed First integration of Poisson's equation leads to [9]
characterization of the leakage proces. They also
indicate that surface states are practically absent at N,- ±Qcsi.( kg T/ql)"F,, (4)

1067
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where the positive sign applies to accumulation The semiconductor/electrolyte system considered

layers, the negative sign to depletion layers; nb is the here consists of a semiconductor surface in contact

electron bulk concentration. k, is Boltznann's with an indifferent electrolyte such as an aqueous

constant and T the absolute temperature. solution of a salt [KCI or Ca(NO),]. By biasing the

"* In the general case, the function F, is given by (3) electrolyte with respect to the semiconductor, charge
can be induced electrostatically at the semiconductor

f fr . surface. This is made possible by the essentially
F, - ./ 2

jJ (N(E)/naI blocking nature of the S/E interface, which largely
prevents charge transfer between the two phases.

+ in I + e .p(Ek. .T + w#- v,) dE - v, (5) Such blocking is due to the fact that in the electrolyte
I exp(E/k, T + w#) A the negative ions (such as CI-) usually lie well below,

* and the positive ions (such as K*) well above, the
where N(E) is the density of states in the conduction semiconductor band e.ges I II]. Hence, in an n-type

band, w, = Wblks m, Wb being the energy separation semiconductor being considered, for a negatively

between the Fermi level and the conduction-band biased electrolyte, the negative ions pile up against

edge in the bulk (positive for the n-type sample the interface without being able to transfer electrons
being considered), and v, = qJI;I/k 3 T is the so-called into the conduction band, and a depletion layer is

* dimensionless barrier height. Induced. In the reverse polarity, positive ions pile up

For parabolic conduction bands the function F, against the interface and an accumulation layer is

assumes the simpler form induced. The'induced charge is in general distributed
between the surface space-charge region and surface

F, f 3 states (if present). In the absence of a foreign layer
F, , /21 (413)n-1 exp(W)J xn (such as an oxide) at the semiconductor interface, the

applied bias drops across three adjacent regions

x ft + exp(x + wb - VA d -v,- . (6) 18, 121: the space-charge layer at the semiconductor
surface, and the Helmholtz and Gouy layers in the
electrolyte. Of these three layers, the latter two are

For strong accumulation layers, however, in which much thinner than the first, at least under pulsed bias

the conduction-band edge lies well below the Fermi conditions, so that practically the entire applied bias
level, taking the conduction band as parabolic may drops across the semiconductor space-charge layer.
not always be a good approximation. This is defin- This is evidenced by space-charge capacitance
itely the case in CdS and one should use eqn (5), measurements on metal/electrolyte interfaces (31.
substituting for N(E) the actual density of states in Hence the measured bias represents to a very good
the (non-parabolic) conduction band. approximation the change 6 V, in barrier height V,

Another important factor that needs to be consid- across the semiconductor space-charge Idyer.

ered in strong accumulation layers is associated with In practice. the interface is not perfectly blocking
the spatial confinement of the electron gas. When the and to a lesser or greater extent some charge leaks

effective charge distance L, becomes comparable to or across the S/E interface. The leakage charge is usually
less than the de Broglie wavelength of a conduction irnsignificant when depletion layers are induced

electron, quantization effects set in. The classical (electrolyte biased negatively with respect to the

calculations reviewed above may no longer be ade- n-type semiconductor). It becomes appreciable, how-
quate, the less so the stronger the accumulation layer ever, under accumulation conditions, the more so the

(larger N,. smaller L,). One should then solve self- stronger the induced accumulation layer. It is this
consistently Poisson's and Schr6dinger's equations leakage that prevents the formation of strong accu-
16, 7, 9, 10]. Unfortunately. such calculations have mulation layers by d.c. biases. By employing our pulse
not been carried out for CdS. However. the similarity techniques [3-5), on the other hand..it is possible to

of the values of the dielectric constant and the induce extremely strong accumulation layers not only

effective mass (at the bottom of the band) in CdS on CdS but also on a number of other semiconduc-

(K - 9.02 and mr/im - 0.205, where m0 is the free- tors, such as Ge [3], Si [5] and ZnO [6, 7), without

electron mass) and ZnO (K - 8.5, mIm/rn =0.25) per- being hampered by charge leakage. Moreover. these

mits the use of the ZnO calculations 16, 71 for CdS techniques enable a straightforward separation of the

without introducing too large an error. different components of the induced charge, so as to
For non-degenerate surface conditions, corre- obtain the variation of the free space-charge density

sponding to depletion and weak accumulation layers, as well as of the leaked charge and of the occupancy
only the bottom of the band is involved and this can of the interface states with the surface potential

safely be taken as parabolic. Equation (6) then barrier. More important still, the use of a limited

reduces, to a good approximation, to the simpler number of short-duration pulses minimizes electro-
expression chemical reactions which may otherwise greatly com-

plicate the interpretation of the data. By the same

F, - ,/2{exp(v,) - v, - 1 )"'. (7) token, surface damage that usually occurs under



Non-parabolicity in the lowest conduction bond of CdS 1069

prolonged application of large d.c. biases is largely KCI electrolyte. These are represented by thc equiv-
eliminated. alent circuits (to be discussed bdlow) between points

A and B in Fig. I(a) which is a schematic diagram of
EXPERIMLN TAL the experimental arrangement. The pulse generator

The samples were cut from single crystal (n-type) (Hewlett-Packard type 214A) of internal resistance r,
CdS ingots ranging in resistivity between about 0.1 (= 50 Q), can provide positive and negative pulses of
and 10 ohm-cm. The samples' dimensions were typi- up to 100V in amplitude and 0.05 to 200 us in
cally 2 x 3 x 0.5 mm'. with the large faces perpen- duration. It is connected to the platinum and semi-
dicular to the t axis. Following mechanical polishing, conductor electrodes (points A and B) via a diode D
each sample was first etched in HCI and then in a and a large (0.1-I PF) series capacitor C. The diode
solution of K.Cr:O, in dilute HSO. at 90'C, for polarity is such as to permit rapid charging of the
10rnin. This resulted in a smooth surface with a system while the pulse is on and to prevent its
negliilble density of surface states and low leakage discharge through the low-impedance pulse generator
currents. An ohmic contact was applied to one of tne after the termination or the pulse. An electronic
large surfaces. The wire lead, contact area and the switch S can short-circuit the Pt electrode to ground
entire sample were masked by epoxy cement, except at any prescribed time following the termination of
for a small area (- I mm2) to be exposed to the the pulse. The residual resistance r, of the shorted
electrolyte. The exposed area was usually the (OOOT) switch is a few ohms. Short-duration (0.1-10 ps)
face (the "sulfur" face). The CdS sample and a large pulses are applied singly. one pulse per data point
platinum electrode were immersed in a Ca(NO3) 2 or taken, in order to minimize any electrochemical

(a) D (b) va

ACR0 VrIlMr+V

Csc 6vs

S se Va I

VP vc
V r 01/C r)C

do 1- I~~I-} •• "T = R = .

CROR7c Ic

0 T T4•,-

(c)

Fig. I. (a) Circuitry of the experimental arrangement. The sample is simulated (between points A and
B) by the space-charge capacitance C, and a resistance r in series, and by the leakage and surface-state
equivalent circuits. (b) Schematic representation of expected pulse responses of the voltage drops V, and
J'. (c) Actual pulse response of V, (upper trace. I Vcmn-1) and V, (lower trace, lOOmVccm') for a

CdS/electrolyte interface.

0 -_
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reaction that may take place at the CdS surface. A terms of the equivalent circuits shown in Fig. l(a).
Tektronix type 7407 CRO is used to monitor the The ideal case of a perfectly blocking interface and no
voltage drop V, between the Pt electrode (pr int A) surface states is simulated simply by a series combi-
and the ohmic contact of the sample (point B), and nation of the space-charge capacitance C,, and the
the drop V, across the series capacitor C. Strictly combined rfsistance r of the electrolyte and the
speaking, the relevant oscillogram is that of the underlying semiconductor bulk below the surface.
voltage drop V. between a reference electrode and the Typically, r is about 50 M approximately half of
sample, rather than V.. However, the space-charge which represents the electrolyte resistance and the
capacitance at the platinum surface is orders of other half the sample resistance. Charge leakage
magnitude larger than that at the semiconductor across the interface, a prominent process in strong
surface. Hence, only a negligible fraction of the accumulation layers of CdS, is simulated by adding
applied bias is expected to drop across the a parallel branch across C,, consisting of a diode in
Pt/electrolyte interface, so that the two traces should series with a parallel combination of a capacitor C,
yield practically identical results. This was indeed and resistor R.. As will be shown below, such a
checked to be the case by the occasional use [6, 7] of circuit is prescribed by the experimental observation
a reference electrode. The magnitude of C is chosen that the leakage occurs very fast and remains stored
so as to be large compared to the semiconductor at or near the interface for a long time (R,, C,). Once
surface capacitance, typically by a factor of 10-100. the charging pulse is terminated, the stored charge
The voltage developed across it (V,) is thus smaller does not flow into C,., hence the diode. If deep
(by the same factor) than the voltage developed surface states are also present, another equivalent
across the space-charge 'layer (V.). circuit is called for, shown added by the dashed lines

In most cases a space-charge layer already exists at in Fig. 1(a). The circuit consists of a resistor R,
the semiconductor surface, before applying any bias. shunted by a diode, both in series with a capacitor
It is characterized by an equilibrium barrier height V, C,,. On the application of a positive pulse, such states
and a space-charge density Q,,0. If surface states are charge up very quickly, hence the shunting diode.
present, there may also be an equilibrium surface- Their discharge following the termination of the
state charge of density Q,,. The voltage pulse, of pulse is usually much slower, the more so the deeper
amplitude anywhere between 0 and 100 V, charges up they are located energetically and the lower the
the semiconductor surface region. As will be shown temperature [8).
in a moment, the voltage drop V., measured just after It should be noted that the equivalent circuits
the termination of the pulse, represents to a very good shown in Fig. 1(a) serve merely as a means of
approximation the change 6 V, - V, - Vo in barrier classifying the different processes at the S/E interface
height induced by the applied pulse. The voltage drop on the one hand, and as aids in the understanding of
V, across the series capacitor C, again measured just the method of measurement, on the other hand. They
after the termination of the pulse, yields the overall do not represent accurately the actual conditions at
charge Q ,, (- CV,) passing through the systems. The the interface. In particular, all elements of the equiv-
charge density Q•, (per unit area) is obtained by alent circuits (except r) are in reality not passive but
dividing Q ,, by the area of the semiconductor surface voltage dependent.
exposed to the electrolyte. Figure 1(b) illustrates the time variations of V, and

In general, Q,. is made up of three components: V, during and following the application of a positive
pulse of amplitude V,. All the values marked in

Q. - 6Q,. + 6Q,, + QL, (8) Fig. 1(b), as well as in the following analysis, corre-
spond to unit surface area. The V, scale is expanded

where 6Q - - Q,0 is the change in space-charge by a factor of 100 or so relative to the V, scale. The
density, 6Q,,,- Q,, - Q,, is the change in surface- initial rise in V. (at i = 0+), up to the value
state charge density, and QL is the density of the Vpr/(r + r.), is very fast (aboul- 0.01 Ps) and
charge leaked across the S/E interface. In terms of represents the ohmic voltage drop across r. Subse-
electron densities, this can be rewritten as quently, V. rises much more slowly as C,,. C,, and C,

charge up. At the termination of the pulse (Q - T), V.
N,, - 6N, + 6N,, + NL, (9) drops rapidly to the level 6 V,, where 6 V, is the voltage

developed across C,, i.e. the induced change in the
where N,, is the total electron density pasing potential barrier height. As for V, it rises monotoni-
through the system, 6N, - N, - NO is the change in cally up to t w T, to the level Q,, /C, where Q,,, is the
surface electron density, 6N, - N,, - N,. is the den- total charge density induced by the pulse, consisting
sity change in surface-state occupation, and NL the of 6Q,,, QL and 6Q,,. The shorting switch S is
density of electrons that have leaked across the activated att - T + dT, where the interval d T is very
interface, short (usually 0.1 ps), sufficient to permit accurate

We shall now discuss the experimental procedure readings of V. and V, just after the termination of the
used in determining the magnitudes of the three pulse. At this point V, drops abruptly to practically
components in eqn (8) or (9). This is best done in zero (V, being very small compared with V,), and
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charge redistribution among C., C., C. and C ion
begins to take place. In the first stage, the charge 6Q,, 6"- CdS .2
stored in C. and its equal counterpart in C discharge 'E 10 nb-5.7X110O tom

relatively fast through r + r,. The decay constant V- (We0.1S5 Oi)

associated with this ptoces . approximately Ion
(r + r,)C, (since C,, is small compared with C) and L,
is typically several microseconds. In the absence of .A0 ll ,'L.AAGE
surface states (as is very nearly the case for CdS), V, z
decays to the value QLIC, QL being the charge J0
remaining in C after the fast decay process. This 10"
charge will be referred to as a "loss" since, in a sense,

* it detracts from the induced free space charge. There- io 2 -1 0 1 2
after, V, remains practically constant [solid curve in BARRIER HEIGHT (V)

the bottom diagram of Fig. l(b)]. Actually, it decays Fig. 3. Electron density vs barrier height. Stars represent the
very slowly (0.1-1 s) through the input resistance of free electron density N, for a sample with a relatively low
the CRO. If, on the other hand, surface states are electron bulk concentration n,. The lassical curve (dashed)
present and there is no leakage, V, decays with the is calculated on the assumption of a parabolic conduction
surface-state time constant of approximately R,,c,. band throughout ,eqns (4) and (6)1. T7. solid curve ("quan-
[dashed curve in the bottom diagram of Fig. 1(b)]. In tized") is based on self-consistent calculations carried out

for ZnO. (In the depletion range, V, < 0, N, is negative and
this process, electrons trapped in the surface states by the plot is that of -N,.) The squares represent the leakage
the charging pulse are thermally re-emitted into the electron density NL.
conduction bend. If both leakage and surface states
are present, V, first decays rapidly to the value activation of the sho, iing switch is not exponential,
(6Q. + QL)IC. Subsequently it decays with the time since C,, in the actual S/E interface is not a passive
constant R,,C, to the level of QLIC and thereafter element but voltage dependent. This does not inter-
remains practically constant. This behavior enables fere at all with the measurement of 6 r,. 6N,, 6N,. and
the separate determination of the three components NL, and the results to be presented below were
in eqn (8) that make up the total induced charge obtained precisely as described in connection with
density Q,,. As pointed out above, the surface-state Fig. l(b). It should be noted that the fast decay in V,
component is essentially absent in CdS. is characterized by a decay time of 2 to 3 ps, just the

Typical oscillograms illustrating the actual pulse value to be expected from the discharge of the free
response of the CdS/electrolyte interface for an ap- electrons in the accumulation layer previously in-
plied positive pulse (induced accumulation layer) are duced by the applied pulse [(r + r,)S 6Q./6 V,, S
displayed in Fig. l(c). The upper and lower traces being the area of the CdS surface in contact with the
depict the time variation of V, and V,. respectively. electrolyte]. Accordingly, we identify the amplitude of
They are seen to be very similar to the corresponding the fast component as representing the induced
schematic diagrams in Fig. 1(b), indicating that the change 6Q., in free space-charge density. The subse-
models discussed above do indeed provide a realistic quent, much slower decay in the V, trace (decay time
description of the S/E interface. As expected, how- in the millisecond range) has a low amplitude, signi-
ever, the fast decay process of V. following the fying the low density of surface states (less than

10'cm2-). This is followed by an essentially non-

vs M) decaying component representing the leakage charge.
- -,2 . The non-decaying component cannot be seen on the

CUS 01 ,..o.o. v scale of Fig. 1(c).

*' 40
'E "_-o. V %W--0.040 V RESULTS AND DISCUSSION

"" I - The results to be reported are based on the analysis
o _________ of oscillogramn traces of the type shown in Fig. l(c)

* * fl,-1.5ido' "3  above. Under equilibrium conditions, a depletion
layer usually exists at the CdS surface in contact with

(Wb-0.13 eV) the electrolyte. Since the measurements described

above yield directly only the changes 6N, - N, - Na
"0 "0 " 0 in the surface electron density as a function of

F's g,-V,- ,- VA, the first task is to determine the
Fig. 2. Change 6N, in surface electron density against F, in equilibrium barrier height V*. Using eqn (4) one can
depletion and moderate accumulation layers. Straight line write
(solid) corresponds to Yam - -0.065 V, dashed curves to
Vo - -0.065 V ± 0.025 V. Corresponding values of the bar.

rier height are marked off at the upper abscissa. 6N,-" (rv.enbks Tiq2)"F,(VA + 6V,)- NA. (10)
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1O" 0 S #3 which, to a fair approximation. are adequate also for
S•: CdS #3 - CdS. As expected, tile classical and quantized curves

10 r -3"°t°" cm- coincide for depletion and moderate accumulation
S (w=0.01 *v) CLA: ~ ,0 .layers. In.these ranges, they are seen to account well

10- '-0o.08 v for the experimental data. Such agreement, obtained
Z • P with no adjustable parameters, shows, among other

10" ' things, that there is no significant density of shallow
0, surface states at the UdS surface. After the activation

1JEWKAGE of the shorting switch, such states might release the
W 07 trapped elections induced by the pulse back into the

Si conduction band very fast, in a time comparable to.1 0-- I that of the discharge of. the free electrons in the
BARRIER HEIGHT (V) space-charge layer. The two processes would then be

Fig. 4. Electron density vs barrier height. Stars represent the indistinguishable, with the result that the measured
free electron density N, for a sample with a high electron value of 6Q,, in Fig. l(c) would be higher than the
bulk concentration n,. The classical curve (dashed) is calcu- change in the free space-charge density. The good
lated on the assumption of a parabolic conduction band agreement of the data with the theoretical curves,
throughout (eqns (4) and (6)). The solid curve ("quantized")
is based on self-consistent calculations carried out for ZnO. which represent the free charge only. rules out this
(In the depletion rangc. 1V, < 0. N, is negative and the plot possibility.
is that of -- N,.) The squares represent the leakage electron For strohg accumulation layers, on the other hand,

density N,. the experimental points in Figs 3 and 4 are seen to lie
well above both of the theoretical curves. This can

For depletion and weak (non-degenerate) accumula- only mean that the density of states in the upper
tion layers, F,(Ve + 68V,) can be evaluated from the reaches of the CdS conduction band is considerably
simpler expression given by eqn (7). A plot of the 6N, larger than that associated with a parabolic band.
data against the calculated values of F, should yield This point will be discussed in detail below. The
a straight line only if the correct value of V,0 is chosen squares in Figs 3 and 4 represent the electron leakage
in the calculation of F,. A simple computer program
has been set up to so determine V,,. The results are
shown in Fig. 2, where the choice of Vo = -0.065 V CdS , (a)
is seen to lead to the required linear relation. The E0 -0.125 *V

accuracy of this method is about +0.02V, the 1.2
limits for which deviations from linearity become
detectable. This is illustrated by the two dashed lines >

in Fi-. 2 which correspond to V,0--0.65V 0. PARABOLC LNEAR

+ 0.025 V, for which marked deviations from the
linear relations are clearly apparent. The slope of the
straight line yields the electron bulk concentration nb 0.4

[see eqn (10)]. The value so obtained is marked in
Fig. 2 and agrees well with Hall effect mealurements. 00
N,0 is derived from the intercept of the straight line 0 i1 2 3 4 5 6

with the ordinate (F, - 0). k (10 
7 cm- 1-)

Once V,0 and N,0 have been determined, the com- 0oo
plete N, vs V, curve (depletion and accumulation UCS (b)
ranges) can be evaluated from the measured data E> 0.125 eV

through the relations V, = V,0 + 6V,, N, = N,0 + 6N,. ,o

Typical results obtained in this manner are displayed 'E 60
by the full points (stars) in the semi-log plots of Figs 3 U
and 4. corresponding to the two extremes of the bulk Co
carrier concentration in the available resistivity range 4.

* of the samples. In the depletion range (V, < 0). N, is •-
nelgtive hut. hccauc. of the lognrithmic scale used. ' 20
the plot is that of its absolute magnitude. The dashed - PARAOý UC .....
curves in both figures (referred to as "classical") - 0.6 ".- .-8. 0 .4 a' 'a .12 ' 11.6
represent eqns (4) and (6), with the appropriate E (eV)
values of n• and WA. They assume parabolicity
of the conduction band throughout. The solid Fit. 5. Model for the structure of the CdS lowest conduc-of ttion band (solid curves). (a) Energy E vs wavevector k. (b)
curves ("quantized") take quantization effects into Density of states N(E) vs energy E. The dashed curves
account. As pointed out above, they are based on depict the extensions of the parabolic region for E(k) and
self-consistent calculations carried out for ZnO 16, 7] N(E).
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(a) vA, of V. and V, with time are schematically displayed in
I Fig. 8(a). The first pulse charps up the interface

capacitance (consisting of the space-charge capaci.
T -+t;•, tance C, and the leakage capacitance C,). At the

L termination of the pulse 0 - 7), V. does not yield
directly the value of 6V, because in the absence of the

C ""diode D, 6Q, now discharges through the internal
QC1T411VC - - resistance of the two pulse generators (r,/2). Thus, at

00 4T1C- t = -T, V. assumes the value of [(r,/2)/(r + r,/2)] .V,.
S - T . .from which 6 V, can be evaluated. The discharge time

OW•C t is given approximately (since C so Cd) by
0 C - - 1 (r + P,/2)C,,, which is typicaljy of the order of several
OT t• t•T t microseconds. As for V,, it rises monotonically dur-

ing the first pulse, up to the value of QO(T)/C, QO(T)
(b) 10" CdS 04 being the total charge induced by the first pulse.

Thereafter it decays with the same time constant of
1 to the level QL/C, QL, being the leakage charge

, .° : ,VAT)Mt35v incurred by the first pulse. After a delay time t,, taken
E to be larger .than? such that practically the entire

l og -charge in C,, has decayed (V.-.O), the second pulse
is applied. Its amplitude is adjusted so as to recharge
C,, to the same value of 6V',. If t, is smaller than

IOU, . R.C. the storage time of the leakage charge, then
.7W C. would still retain some of its charge at t , r, and

10. the leakage charge QL1 measured after t,+ T +
1 10 102 10' 10i 1o6 106 would be less than that (QLO) after T + --. By measur-

DELAY TIME td (psec) ing QLO - QLI, the charge retained at the interface up
Fig. 8. (a) Schematic representation of the expected R- to the application of the second pulse, as a function
sponse of the voltage drops V. and V, to a double pulse. (b) of the delay time t, between the two pulses, one can
Decay chsracteristics of the leakage charge for different derive the decay characteristics of the leakage charge.

induced barrier heights V,. In Fig. 8(b), NL8 - NLI I- (QL - QL, )jq] is plotted

against id on a log-log scale for different values of the
0.2-10 us. In other words, the leakage takes place induced barrier height V',. The decay characteristics
practically instantaneously following the onset of the are most interesting. For a considerable length
pulse and is not augmented during the pulse. As will of time (-500ps for V,--0.71V, -200ps for
be shown below, it remains stored at or near the V, - 1.04 V and -70 ps for V,,- 1.35 V), the leakage
interface for a considerable time (hundreds of micro- charge is almost fully retained at the interface
seconds). It is gratifying that for both electrolytes and (NLI - 0). Subsequently, the charge leaves the inter-
for the different pulse durations, the results of N, vs face and its decay with time is nearly linear. The
V,, which take into account the electron leakage, are unique features of the leakage charge are: that the
identical. These observations are compatible with the leakage occurs in a time shorter than 0.2 ps (see
equivalent circuit in Fig. I(a), and in fact led to its Fig. 7), immediately upon the application of the
construction. The dashed curve represents, as previ- pulse; that no further leakage takes place through the

• ously, the classical approximation on the assumption pulse duration (up to at least 10 us); and that the
of a parabolic band throughout (constant effective charge remains stored at or near the interface for
mass). The solid curve is based on the non-parabolic hundreds of microseconds. From the experimental
model (Fig. 5), and is again seen to account well for point of view, these features are most fortunate in
the experimental data. that the stored leakage charge can be accurately

As pointed out above, electron leakage, the domi- determined and taken into account in the determi-
nant loss mechanism in strong accumulation layers of nation of the N, vs V, relation, which is of primary

* CdS, is associated with the non-decaying component interest in this paper.
of Q,. [Fig. 1(b)]. Hence, apart from the magnitude
of the electron leakage, the circuit of Fig. I(a) is CONCLUSION
unable to provide any information on the decay
characteristics of the leakage charge. To that end, we The space-charge characteristics of strong accumu-
employed two pulse generators connected in parallel lation layers of hexagonal CdS show considerable

Sso as to provide two pulses separated by a variable non-parabolicity of the lowest conduction band in
delay time t,. Except for the diode D and the shorting this material. A simple model for the structure of the
switch S, which have been omitted, the rest of the lowest conduction band (Fig. 5) accounts well for the
circuit is identical to that in Fig. I(a). The variations experimental data. It assumes a parabolic band up to
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an energy E of 0.125 eV above the band edge and a during the pulse (up to at least 10ps duration-sce
linear dependence of ihe energy on the wavevector at Fig. 7). This suggests that the 'density of the ionic
higher energies. Such a model is no doubt an oversim- species is relatively low: the tunneling electrons
plified representation of the actual situation, but it appear to saturate completely all the active ionic
provides a good idea as to the structure of the lowest species within a tunneling distance corresponding to
band; and indeed, the density of states function of the the induced interface field. Another observation is
model agrees well with that calculated by Huang and that the leakage remains stored in the electrolyte, for
Ching [2] using a minimal basis, orthogonalized a considerably long time (see Fig. 8). The storage time
LCAO method. probably represents the time it takes for diffusion to

It should be noted that most of the electrons in replenish the exhausted ionic species near the inter.
strong accumulation layers occupy states in the non- face. The storage time of several hundreds of micro-
parabolic section of the band. As such they are seconds is not unreasonable for such a diffusion
characterized by considerably higher effective masses process.
than at the bottom of the band. Consequently, quan-
tization effects are expected to be insignificant, so that Acknowledgements-This work was supported in part by a
our using the classical calculations [eqn (5)] for National Science Foundation EPSCoR grant RII 8610677
the space-charge characteristics in the comparison and in part by U.S. Army Research Office grant No.

between theory and experiment is justified. DAALO3-89-G-01 14.
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ABSTRACT

The nature of the percolation process in granular metals is examined for the
first time by a computer simulation of a system of metallic grains embedded in an
insulating matrix. Assuming that the intergrain conduction is due to quantum
mechanical tunneling it is found that a percolation-like critical behavior of the
conductivity is obtained, but that a percolation wdwnivea behavior will be found only
in a very special case. In contrast, the behavior of the electrical noise does not
deviate substantially from the universal one. Comparison of these results with
recent experimental observations suggests that in the metallic range, both transport
properties are controlled by the continuous metallic network rather than by
intergrain tunneling. We propose that the metallic network resembles the previously
studied system of "inverted random voids".

INTRODUCTION

About twenty years ago Abeles and coworkers [1] initiated a comprehensive
study of the electronic properties of granular metals, by studying the metal content
and temperature dependence of their electrical conductivity, a(*xT). As a result of
these studies they have attributed the electrical conductance in the materials of low
metal content to quantum mechanical tunneling under the constraint of metal grain
charging [2], and the conductance of the materials of high metal content, to simple
metallic transport in the network formed by the coalescence of the metallic grams
[3]. Correspondingly, in the latter case a percolation-like [4] behavior is to be
expected [5] where the percolation threshold, xc , is associated with the onset of a

* continuous metallic network. While the more specific nature of the conduction
mechanism for x<xc was never settled [6], the conduction in the x>xk range
seemed until recently to be well accounted for by the percolation process mentioned
above. The most convincing piece of evidence to support the percolation
conduction was the power-law dependence:

a ac -X t (1)

found [31 in the W-A120 3 system, with an exponent t=1.9, which is very close to'
the universal value of to = 2.0 predicted for three dimensional resistor networks by
percolation theory [4,5J. That a percolation geometry is formed by the coalescence
of metallic particles is suppor by two observations. The first is that in a
composite made of macroscopic silver-coated glass spheres which are embedded in
Teflon (i.e. where physical contact rather thin tunneling between the "metallic"
spheres takes place) the same, universal, behavior was found [7J. The second
observation is that a transition from thermally activated behavior to a metallic-
temperature dependence of the conductivity takes place [1] at metal contents close
to)xe, when xc is determined by fitting the experimental data to Eq. (1). Even the
problem of "unexpected" high xc values obtained experimentally [3], which seemed
to cast some question on the percolation description, was removed recently [8).

* Tins removal is based on the argument that such metallic networks are better
desibed by a structure which approadmates a randomly closed-packed system of
conducting spheres than by a three dimensional (Scher and Zallen-like) system of a
mixture of conducting and insulating spheres, or an effective-medium-like [3,9]
mixture of the two phases.

Recently there was, however, an attempt by Mantese et aL [9,101 to describe
the metallic conductivity in Pt-A120 3, for the range x>xc , by an effective medium
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Stheory which, po should yield t- for '
the exponent in (I). It was also argued
[9] on the basis of that theory and the /
experimentally found [10] x deoendence of
thresistivity n rta- noe] oi, in T A0 ,' 0
the above material, that even for 103 .',47 , / "
SR is dominated by Intergrain-tunne . . /

S conduction (rather than by metallic .
transport). In view of the contradiction
between the effective medium and the ,"
percolation approaches, the first question .
that arses is whether the eprimental 10, ,,

power-law behavior reported y les eaL =o/SIO\
3 is specific to granular W-A 2 3 or ' o

whether it is a general phenomenon in t -2.04.1
grnular metals. Examining the literature we r
did not find any other presentation of
conductivity data of granular metals that 10
indicate a power-law behaviour in general,
and a percolation universal behavior, of t=t.
"in particular. Following then the pohibilty

* that such a percolation-like behavior was a
unique observation we have carried out I , ,.
experimental measurements on another 10 0.1 .
granular system, ie. Co-SiO. The results

of the 0 ng measurements are I 1. The specific
shown in ft. I and are compared to the conductivity of granular Co-SiO
results [31 on W-Al0•.O ur rests clearly (as obtained both at 78Kand 3@.

confrinthe nivM thavior for X
and thus the supestions of Abeles ,t .... . K) as a function of (x-x~.)/xc
of a ,,J rather where xis the volume fraction of

effectivea.! on-iure rathler um an rmetal and xrwas • btained from adffetie behavior.. Mor esft ofthe data t Ea (1). Tnedetails of the Co -SiO granular system ad dashed line represents- te data of
the temperature dependence of its Abeles et aL, re. 3.
conductivity were presented previously.[12).Since the above experimental evidence provides quite a convicig proof for a
percolation-like conduction, the question arises whether the effective medium
picture with the intergrain tunneling transport is indeed necessary to account for the
resistivity normalized noise, as suggested in Ref. 9. The present computer
simulation is trying to answer this question by studying the transport properties of a
"system of metallic spheres between which a simple quantum tunneling conduction

* takes place. The correspOnding model, which is interesting in its own right, is
studied here for the first time. The results appear to show that for x>xc , both.
the conductance and the resistance noise are dominated by the metallic network
transport. Moreover, we propose that, at metallic contents just above x1. the
coalescence of the grains forms an "inverted random void" like network [13,141, i.e.
a system of intersecting permeable spheres.

THE MODEL

Our model consists of hard spheres of diameter b which are randomly
dispersed in a cube of a unit volume. Hence, for N spheres the fractional occupied
volume is x=(,ri~9N. In the simulations the N spheres are placed randomly one
after the other. A new sphere is accepted to the stem only If it does not overlap
a previous sphere. For the precision used in the simulations for the coordinates of
the spheres' centers there is no geometrical contact between any pair of spheres.
"Thus, up to a concentration which corresponds to the randomly close packed
structure [8] (x-0.64) the system has no connectivity. If we assume that the above
system simulates metallic particles embedded in an insulating matrix, all the
spherical particles can be considered electrically connected due to quantum

0=
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mechanical tunneling. For simplicity we consider simple tunneling or a constant
tunneling activation energy [1,2] (i.e. we neglect the interaction energy between the
spheres or we assume a high enough temperature [9?) which is a reasonable
approximation for a system where all the spheres are of the same diameter [1]. We
assume then that the conductance between two metallic grains can be written as:

g - goexp(-stro) , (2)

0 where go is a constant (taken as unity), s is the separation (at the nearest ga)
between two spherical particles and ro is the characteristic tunneling distance ( e
decay distance of the electrons' wave-function [6]). By assigning a conductance g
to each pair of metal heres we have €onstructea a network ofN(N-1)/2 resistors.
This model is expected to be a simple simulation of a granular metal when x<x€
and, for the ensemble of particles Which do not belong to the percolation cluster

* when x>xc . Computationally, however, if reasonable statistics are desired, the
computer memory requirements become difficult and expensive. The difficulty is
reduced [151 if one assumes a cutoff distance se such that for s>sc one takes g=O.
The physical justification for the cutoff is the fact that the average dis, Lce brween
the nearest-neighbor spheres' centers in the system is [16] d=(6/vN)"3 =b/xul and
one expects then that resistors for which s>s > d will provide a negligible
contribution to the conductance of the system. Ve set s, equal to 6b. For typical

* granular metals [1], ro ! b/5 and d >_ b, and thus setting sc= 6b amounts to
neglecting conductances which are smaller than the typical largest conductance in.
the system by a factor of exp[-5(7-d/b)].

Following the construction of the system we have computed the eu.-ents
through all the different conductors, using our conjugate-Vradient algorithm (14,15],
and computed the resultant conductance, G, and the resistivity normalized noise SR.
For simplicity we considered the case where the resistance fluctuations are

* proportional to the value of the resistors. Correspondingly the resistance noise is
taken here as [11,13] .0 . , I

R = A(n 4/gn 2)/(Xyi 2 /gn) 2., (3) Tunneling Model
S.=6b 500'Ns2O000

where A is a constant and the summation is • re=0.05b

over all the resistors in the system. This 0.8 o ro=0.2b 0
form has the essentials of the problem, since
it contains the diverging nature of the 00
resistor distribution. In view of the
exponential dependence of g [Eq. (2)] it is-90.6 -
not expected that intergrain_ volume effects Z
[13,14] will alter significanty any of the 0

* conclusions of the present work.
SG/10 0

00.4 -No

RESULTS 0*

The typical behavior of the computed 00 0
sample conductance G, as a function of the 0.2
metallic fractional volume x, is shown in Fig. 000
2 for two values of rosb. It is seen that the
conductance increases monotonically with x, 0 o
and that this increase is faster the smaller 0.0 o,
the value of r As is to be expected from 0.0 0.1 0.2 0.3
the model, tfere is no critical xc below X
which 0-0 (as in well defined percolation FIGURE 2. The computed

* systems). On the other hand, the qualitative dependence of the conductance G
features of the data in Fig. 2 are similar to of a system of metallic spheres in a
those found experimentally in the various unit volume, on the volume fraction
granular metals [3,9,121. Considering the of metal, for two extreme values of
results of Fig. 1 it is apparent that a log-log r , the characteristic tunneling
presentation of the data given in Fig. 2, for x dnstance.
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larger than some x• , may indicate whether 0'- ... ,....,.
-- our simple tunnelig model resembles a

percolation-like behavior [Eq. (I)). Indeed Tunneling Model
the best fit of these data, for the i x he x
values, to a power-law behavior Ids a s's6b 500aNa2000
"threshold" value of =x 0.1 and a , r..0.05b

_orresponding exponent. For the illstraton I
of the nature of this fit we show in Fi, 3 a
log-log presentation of the data of Fig 2..",.
"The results show that for the higher x values "
the data can be well fitted by a power-law c t-32
and cannot be distinguished from typical e w0'
percolation simulation data. Even the -.
deviation from a power-law behavior at low !

* x-xc resembles the typical behavior due to -
finite size scaling [4,14] and thus, for the
finite samples used here, this deviation does a
not reveal a non-percolative conduction. 10 o
The t values found are, however, strongly ro
dependent. Qualitatively this is to be /
expected for the small values of r(,b since i o/G tul.4

* for .thc values only nearest neighbors x,-0.1
contribute to the electrical conduction of the ..
system and thus it resembles conduction in a 0.1 1 10
perolatng system. The increase of t with (x-x./x.
decreasing ro indicates then a transition from
a conductance due to the many parallel FIGURE 3. The data of Fig. 2
chains of a few resistors of high values, to a presented on a log(1/G) vs. log[(x-

* conductance due to very few (percolation- x,)/xc] scale. The apparent critical
like) long chains of many resistors of smaller metalic volume fraction is xc=0.l.
values. Indeed, for an experimental system
where nearest neighbor (percolation-like) 10s.
tunneling transport takes place between"metallic spheres which do not coalesce Tunneling Model

(Mo#l-L in PVC), we have found [16] s,-3b N7500"
previously that a power law behavior with a 0 X-0.25 b-0.04
nonuniversal exponent (t>tJ) is obtained.
We may conclude then, that in systems 10'
where the tunneling is of short range, the e r,=0.05b :x ro=O.1bconductance behaves according to the 0 r.=0.15b o
continuum theory of percolation [5,13,16]. In a r.=0.2b 0

fact, it appears that we may define a * reml 0b
phenomenological critical value for ro, which -9o' o
marks the transition between a non- 0-
percolative (t<t0 ) behavior to a a0
(nonuniversal) percolative behavior (t>to). a o 0
This value, in the present simulations is Co
found to be r 0.1b. To further stress the C x =ox Co

relationship befee;n the present problem and 10,* no
continuum percolation [5,13] we show in Fig. " x
4 the conductance distributions, P(g), which
were found here for various values of ro. It -.
is clearly seen that these distributions exhibit
a diverging behavior reminiscent of the io,
conductance distribution functions [5] 10 0.1
P(g)-(l-a)g-* which yields the 9
nonuniversal critical behavior for other
continuum systems [13,14). This behavior is FIGURE 4. The conductance
known [5] to be manifeited by the relation distributions P(g) of the present
twt 0 +d( 1-a). Hence, when the system simulation for a few tunneling cutoff
approaches a percolation - like network distancs, as marked in the figure.
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(ro-O) the nonuniversality is due to the singly-connected (nearest-neighbor) largest
resistors, as in "conventional" continuum percolation 15,13,16]. In summary, the data
presented in Figs. 2-4 show that, in principle, data derived from a system of grains
between which simple tunneling takes place, can always be presented in a form
which suggests a continuum percolation-like behavior. This presentation is both
conceptually [5] (see above) and experimentally [16] justified in the rorb-o limit.
We also carried out computations for various values of the cut-off distance sc in
the range b :5 s : 6b and no variations of significance in the present context were
observed [15]. hence we do not discuss these variations here.Turning to the resistivity normalized noise data, we found again (for x>xc), a
power-law behavior of the form:

SR " (x - 'd_ (4) •I,

SR = (x - lc)-K .-. (4) "Tunneling Model

This is shown in Fig. 5. As expected from s==6b 500aNs2000
the conductance data, the values of K e re0.05b
increase with decreasing ro but they are 0o r=0.2b
found to be confined to a relatively narrow
range around 1.6 .(K =1.6±0.5). Noting that
the universal K value is K%=1.56, the 0.1
surprising fact is that the deviation K--Co (for ' K-2.1

K>K0 ) is much smaller than t-tn for the "X00.1
same continuum system. This is-just the.
opposite to the situation in typical continuum ;
systems [5,13). Following the interpretation
of the conductivity data, this imp lies that U 0

since the currents through the man io- 0
""arallel high resistance channels are small,

e noise power is dominated by the singly
connected bonds through which the entire
current is passing as in a genuine percolation
backbone. Hence, while the value roc K=0.3
describes the transition to the percolation-
like behavior of the electrical resistance, the 10-3

*corresponding value for the resistance noise 0.1 1 10
is probably smaller. The reason for this may (x-xa)/xo
be that as rn decreases below r the second
moment of the current (i.e. fie resistance FIGURE 5. The computed
[51) through a channel made of nearest dependence of the resistivity
neighbors dominates the multiplicity of the normalized noise SR as a function
non-nearest neighbors current paths in the of (x-xf)/xc for x > 0.1. The
system, but for the fourth moment (i.e. the values o K (and xc) are marked in
electrical noise [5,131) this may not yet be the figure.
the case.

DISCUSSION

* The first conclusion from our simulation results is that the critical behavior of
a system of grains, between which tunneling transport takes place, i.e. the value of
t, depends on rnb. Relating our results to granular metals we note that the values
of b vary sipgificatly from one granular material to another [1]. We should expect
then that since the universal-like behavior (t=t ) will appear only for the specific
value of rncb, different materials should exhibit 3ifferent t values. The fact that in
granular metals one seems to get a universal behavior (Fig. 1 and Ref. 3) indicates
that a different mechanism is responsible for this behavior, namely percolation. We
thus reconfirm the original suggestion of Ref. 3 that in the x>xc range, metallic
network percolation appears to be a better description of the system than intergrain
tunneling, which can not account for the observed universal behavior.

Let us now compare our results with those of Mantese et al. [9,10]. They
concluded that even for x>>xc the resistance-noise is associated with the



* intergrain tunneling rather than with the continuous metallic network. This
conclusion is based on the asumptions that -the relative resistance noise associated
with interprain tunneling is independent of x and is much larger than the
corresponding noise associated with the metallic network. In contrast, our results
show that the intergrain relative noise is strongly x dependent. In addition, while
the metallic grains contribute maybe only a low relative noise, the metallic network
may yield a high relative noise, due to the metallic necks between the grains. This

* noise, in principle, may be even larger than that associated with intergrain
tunneling. Another discrepancy is the value of the resistivity-normalized-noise
exponent K. The results of our model show (see Fig. 5) that intergrain tunneling is
reasonably well approximated by the known [13,141 universal percolation behavior
c/t.1. In contrast, the experimental findings of Mantese et al. [9,10] show a very
strong nonuniversal behavior manifested by ,dt=2.39 for Pt-A12 0 3 and Kct=4.22 for
Mo-A120. Thus we must conclude that these experimental resuts may be better

• explainejd 3by conduction in a metallic network than by intergrain conduction.
Further support for this argument can be found in their experimental observation of
the change in the temperature dependence of the relative resistance noise at the
same x' as the transition in the temperature dependence of the electrical resistivity
to metallic-like.

The question now arises what kind of a metallic network can cause the
observed universal value [3] for t and nonuniversal value [10] for K. So far the only
system known to obey these two conditions simultaneously is the inverted random
void model [13,14) <where overlap of permeable conducting spheres takes place) for-
which in three dimensions [14] t=to and K= K+ 3 i.e. Ktt=2.30. Noting in particular
the agreement with one of the experimental values [10] it appears that upon the
coalescence of the metallic p articles, for x just above xY , the "necks" which are
formed resemble overlaps of two permeable spheres. Hence we believe that for
x>xc both the conductance and the corresponding noise are associated with the
inverted-void-like metallic network. It is only for x<x.c that the electrical
behavior of granular metals is determined by intergrain tunnelifig.
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Accurate determination of the two carriers steady-state mobility-lifetime
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The photocarrier grating (PCG) technique is used for the first time in the high electric field
regime. The results are shown to confirm previously unproven theoretical predictions
for this regime. It is demonstrated that, by application of the PC( technique in the high-field
regime, accurate values for the ratio of the two carriers mobility-lifetime products can be
deduced. This is in ccntrast with the fact that their sum cannot be derived accurately from the
measurement of photoconductivity because one cannot determine accurately the carrier
generation rate. Combining the ratio, determined by the high field PCG, with the low-field data
yields accurate values for the mobility-lifetime products of both carriers.

I. INTRODUCTION one derives a /•- value from photoconductivity [by using
The two most informative parameters which charac- Eq. (1) or similar expressions "5 ], one can only say that
terize the ostinforative properties of whmicouctor, this value is within a factor of two of the "correct" value.terize the photoelectronic properties of a semiconductor This problem may become severe if one wants to determine

are the mobillty-aafetime, p/*-,product of the two charge u,," , when u,,r .R = ,," 1R. In this case, one determine*
*carriers.'' These parameters contain the information ae- /ATR from another measurement (e.g., the low field
garding the transport mechanism (/) ) and the recombina- PCG"t) and with the inaccurate sum [Eq. (1)] one may
tion kinetic mchanism (1r). Traditionally /•s- products obtain a "negative" value for u,,r . Another example for
have been determined under transient conditions' or under the need to overcome the inaccuracies is in the problem of
steady-state conditions.4 It is well known that the two the ratio between the steady states s value and the tran-

types of measurements yield different results," 6 but in de- sient Ir- value.10 It may be that this ratio is twice as large
vices it is usually the steady-state uTr value which deter- or twice as small as that reported in the literature.6'

mines their performance.l For both basic physics and Following these considerations it appears that there isdevice physicss it is important in many cases to determine a need for a technique in which the uncertainties in the
these values accurately. This paper proposes and demon- measurement will be removed. One of the major advan-
strates a new technique for accurate determination of the tages of the photocarrier grating (PCG) techniquet1-13 is
M1"s of both carriers, that, one measures photoconductivity ratios, rather thanWhile by now it is quite established that in low mobil- absolute values of the photoconductivity, under the same
ity materials the photocarrier grating technique (PCG) G. This technique has been used, however, thus far in the
yields accurate values for the minority carrier (the carrier zero-field limit,9"' where it yields essentially the minority
with the lower drift mobility'0 ) steady-state /ir product,9  carriers tsr, and in the low-field (or "relaxation") regime,
there is no accurate technique to derive the same product where it yields an ill-defined /r product. 14.15 It can be
for the majority carriers. Thus, the latter quantity has been shown16 that the latter is a result of the fact that in the
derived thus far from the measurement of the photocon- low-field regime the measured quantity (0, see below) is a
ductivity a. Assuming that the electron is the majority complicated combination of the two carriers p" products
carrier, the relation between the above quantities is ex- and other parameters and thus it cannot provide unique,
pressed by the equation'0  single carrier, /I•r values. In this paper we examine the

o'=q(,,,r + )G (!) previously unstudied high-field regime and show that in
this regime one can derive a unique value for

and the inequality /,s.A- > Ph•,•t. Here q is the (positive) t•,.R/(/, R). A combination of this result with the
electronic charge, G is the carriers generation rate, /hrP' result derived from the zero field PCG measurement
ju,(/p) is the band mobility of the electron (hole), and then yields an accurate value for ;,srA
-r Jt (r ,') is the recombination time for the electron (hole).
The experimental difficulty with the application of Eq. (I) II. THEORETICAL BACKGROUND
is that a and in particular G cannot be determined accu-
rately. The difficulties are associated with inaccurate deter- Turning to the utilization of the PCG method for the
mination of the sample geometry, the quantum efficiency of present problem, we follow the concepts of the zero-field
the carrier generation, the absorbed light fraction (even PCG theory' 2 while introducing the specific variations and
after correcting for reflectivity and scattering), and the definitions associated with the high-field regime. A more
inhomogeneity of the impinging light beam. Usually, when detailed account of the analysis and the physical picture of

S2204 J. Appl. Phys. 70 (4), 15 August 1991 0021-8979/91/042204-04$03.00 @ 1991 American Institute of Phymcs 2204



the photocarrier grating under these conditions will be (or hole) ratios. t" The second term is the diffusion term
given elsewhere.' 6 In the PCG configuration, two light and we assume throughout that D, = (kT/q)p,, where
beams which can interfere generate carriers in a photocon- kit is the thermal energy. The third term is the drift term
ductor."1 When they are made to interfere, a sinusoidal where E0 is the applied dc field, and the last term on the
carrier generation along the direction between two copla- left-hand side of Eq. (4) is the small signal recombination
nar electrodes (hereafter the x direction) takes place. term17 (characterized by the small signal recombination
When they are made not to interfere, a uniform illumina- times 1. and t1 ). For all practical purposes6 t. = -r ' and
tion results. The ratio between the additional photocon- tf, = rf1 . Equation (4) and its coupled hole equation can be
ductivities which result due to the application of one of the solvhd analytically by substituting the above suggested so-
beams (the low-intensity beam), in the above two situa- lutions in these equations,"6 but the expressions for A,
tions is the quantity which is being determined" experi- A,, #, and v are so cumbersome that they are of no prac-
mentally, B. The photocarrier generation function is given tical use for deriving unique /L's from the experimental P.
then by G - Go + AG(x), where: AG(x) = A.cos(kx). The alternative approach16 is to perform the experiments
The generated electron concentration distribution which under conditions which correspond to a simplified mathe-
results is n(x) = no + An(x), where An(x) matical version of Eq. (4) and its hole counterpart, such
-- Aecos(kx + v), and the corresponding hole concentra- that a desirable unique and simple relation between the
tion distribution is p(x) = Po + Ap(x), where Ap(x) above mentioned quantities will result. Such a simplifica-
- Ah cos(kx + 4)). Here Go(no,Po) is the carrier genera- tion occurs if the space-charge term is made negligible
tion (electron concentration, hole concentration) when no compared with the diffusion term and the diffusion term is
grating is formed, k = 21r/A where A is the grating period, made small but non-negligible compared to O,, drjiR
and v (4)) is the phase shift of the electron (hole) concen- term.' 6 If we assume that Eq. (4) has the sinusoidal solu-
tration grating" with respect to the carrier generation grat- tions suggested above, the condition mentioned can be
ing (0- = v = 0 with no field). As is the amplitude of the written [see Eq. (4)] as
generation grating and A,(Ah) is the excess electron (hole) (qnolEOn) [ (A~iOJ/1ph~p) - 1] 4k2kBT/q < kE. (5)
concentration amplitude in the presence of the grating. The
theory developed thus far 12 ""16'i7 is applicable only if the Under condition (5), the algebraic equation obtained
linearizationi of the continuity equation applies, i.e., if by using the suggested solutions of Eq. (4) (and its hole
At 4 Go, and if the material is assumed "intrinsic" in the counterpart) can be easily shown to yield reasonably sim-
sense that no and Pa are much larger than the carrier con- ple relation between yeT and the jir products. ' 6 In partic-
centrations in the dark. The task of the theory is then to ular, assuming that: Izt• - /,ht,, > kEauuAhttr (i.e., fields
present A,, Ah, 40, and v in terms of the pr products while higher than kkT/q = 1600 V/cm but not too high, see
the task of the experimental procedure is to correlate the below) the solution for yff [see Eq. (2)] becomes"'
former parameters with the quantity measured by the PCG
technique, P. For the presentation of the experimental re- vr= (2kkBT/qEo){,tshtny[(p,) 2 

-- (pht/p) 2]}. (6)

suIts one uses the normalized grating amplitude' 3
.'7 Yer If we further assume that/ptz, > 3

pAhtp, this equation can be
which can be expressed as 16  further reduced to

Si[A, cos v + hAh coso)2 ye=(2kkBT/q)[Ahr/(pr)I IEO). (7)

+ (IpA, sin v +)PhAA sin 4) 2]/[Af/Go] (2) Since. in the experiment, 2kkBT/q is known, a presentation

11a16.17 of the measurable quantity Yerf [see Eq. (3)] as a function
and is related to P by' of l/EO is expected to yield the steady-state carriers Mr's

y,'ffr= (l--0) / (2y), (3) ratio. On the other hand, the known result (in the E0( - 0 limit) for the ambipolar diffusion length L is thatI'"2

where yo is an experimental quality factor (of the order of "-
unity") and y is the light intensity exponent of the pho- yefr (1 + k2L2) - , (8)
tocon'ductivity." where

Under the small signal grating conditions the linear- R

ization of the transport-continuity equations is possible and L 2 = (2kT/q)yhr (9)
for the electrons the corresponding equation takes the As pointed out above, the principle of the method is to
form' 2 "'1 substitute the experimental results for 'y, in Eqs. (7)-(9)

/ 
2An ) in order to derive the two 1r products without resorting to

- (,qno/e)(4p/lO - An/O.) - D, ( p--1- the inaccurate estimates of o' and G.
"a /Before turning the experimental results let us consider

*(aAn\ +the consequences of condition (5). For the typical grating
-AAE +(A&n/t+Ap/,)--Ascos(kx). (4) of A = 10-4 cm this condition implies that Eo > 1600

V/cm, and for a-Si:H if (P 6OM)/(t 8Od) = 10, one must not
The equation for the holes takes a similar form. The exceed" a light intensity of 1.5 mW/cm 2 (for higher drift

first term in Eq. (4) is the space charge term, e is the mobility ratios lower intensities should be used). For the
dielectric constant, and the O's are the free to total electron demonstration of the proposed method under convenient
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FIG. I. The measured dependence of the acum carrers normalized- FIG. 2. The results of Fig. I for the He-Ne illuinuation of 0.7
grating-amplitude vs the applied electric field, under three different back- mW/cml, plotted as a function of the inverse applied electric field. The
ground He-Ne illuminations. T7he ambipolar diffusion lengths are deter- slope of the plot and the zero field result yield the pr products for the two
mined from the zero field limit, carriers.

experimental c6onditions, this constraint led us to choose an firmed independently by a more detailed PCG measure-
a-Si:H material for which <pB)(~~ 10 as well as ment. 19 We should point out that the measurement for
the lowest light intensity which enabled a convenient mea- YEg < 0. 15 requires an extremely high sensitivity of the
surement (0.7 mW/cm 2 ) . A rough preliminary estimate of technique which is beyond our capability at present.
this ratio was determined from the corresponding photo- Following the observation of nonambipolar transport
conductivity and the diffusion lenrth measurements by ap- at 2500 V/cm (the inflection point, for F, = 0.7 mW/cm,
plying the method of Ritter et al.1 We note in passing that see Fig. 1) we expect, for higher fields, the linear &C vs*
the material used in the following experiment had a pho- lIE 0 dependence predicted by our "diffusion/drift pertur-
toconductivity of 1.7 X 10 - (0i cm) - 1 at 100 bation" approach"1 [Eq. (7)]. Indeed, this expectation is
mW/cm2 and that for this light intensity A,8BiAh8p is fulfilled by therYE vs IlE0 plot, shown in Fig. 2. Compar-
larger than the corresponding value for the weak light in- ing the slope in the linear regime with Eq. (7) we get a
tensity which we have used for the verification of the linear value of 0.24 for the minority to majority pr ratio. Corn-
dependence of YEf on I1/4. This is, of course, a result of the binting this with the PAr t result [derived as explained *
"faster" displac'-ment of the quasi-Fermi level for elec- above from Eqs. (8) and (9)1, we find that the sum of the
trons, in comparison with that of the holes, with increasing two pr's is 2 X 10 -' czn2/V.
illumination intensity in a-Si:H.'O-" We emphasize that in
contrast to the common E0 - 0 case,' 3

.
14 we are interested IV. DISCUSSION

here in nonambipolar conditions for the excess carriers. In order to check the qualitative validity of the above

III.EXPRIMNTALRESLTSnovel theoretical and experimental approaches, we have
IlL XPERMENTL REULTScompared the above sum of thejult's with the one derived

The experimental details of the present work were from photoconductivity, although, as is apparent from the
much the same as those described in detail previously.".",1 above discussion, these may differ by a factor as large as 2.
The measured dependence of YEf on the applied electric Our best experimental estimate of a under the 0.7-mW/
field E0 is shown in Fig. 1. The conspicuous qualitative cm 2 illumination (electrode separation 0.4 mm, beam di;-
feature of the data is the inflection point in the Yef vs Lo ameter 3 mm, and sample thickness 1 pim) was 1.3 X 10-

dependence, and in particular its shift towards the lower (f1 cm) - 1. The corresponding He-Ne laser photon flux
values of E.3 with decreasing illumination intensity. This was 2.1 X 10'" photons/cm 2 s. Assuming the commonly
result is consistent with the predictions from computer' 7  accepted20 30%o reflection, and an absorption coefficient of
and analytic"1 solutions of the continuity equations (see Eq. 2 X 105 CM - Iwe estimated a carrier bulk generation rate
(4)], and with the expected transition from ambipolar to of 2.8 X 1019 carrier-pairs/cm 3 a. Using these values in Eq.*
nonambipolar transport in the grating [Eq. (5)] with de- (1), wefind that ur A + ipal4'm 2.9 X 10 -acmz/V.
creasing dielectric response time and increasing field. The Considering the more reliable procedures for the determi-
transition (which is signaled by the inflection point) is nation of this sum from the measured photocurrent,1.5 ..2

necessary for the applicability of Eq. (6). As discussed we found somewhat different estimates. All the estimates
above, and as can be gathered from the data, this condition can be summarized, however, by (3 * 1) X 10 -ICM

2/V,
is well fulfilled for illumination levels below 2.5 mW. Also (which agrees with the uncertainty range suggested in the
given in the figure ame the ambipolar diffusion lengths de. above given discussion). The important point, of course, is
rived by using the yet values at E0 - 0 and relation (8) the good agreement of this value with the value derived
(with A - 9 X 10-' cm). these values have been con- from the data of Fig. 2. This agreement proves the validity
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Thus far the many reports concerning the utilization of the photocarrier grating (PCG)
method have assumed that ambipolar transport takes place in such a PCO when it is imposed
on hydrognted smorphous silicon (a4S:H). This assumption, which is decisive in the
interpretation of the experimental results in terms of the ambipolar diffusion length, has not
been tested thus far. In this letter a corresponding testing criterion is proposed, anid it
is demonstrated that whenever ambipolarity is lost, the PCG-derived diffusion lengths may be
wrong. The finding that ambipolarity is maintained in device quality a-Si:H is shown to
confirm the theoretical suggestion that, whenever observed, the ambipolarity in a-Si:H is due
to shallow trapping effects. `

By now the photocarrier grating (PCG) technique for polar transport in a-Si:H materials. This test is possible
the estimation of the minority-carrier mobility lifetime now due to the development of an analytic theory of the
(pyr) product in amorphous semiconductors has become PCG.9
the most accepted and widely used method for this Since the concept of ambipolarity is somewhat differ-
purpose.1- 7 The very fundamental assumption associated ent in the present context than in the classical theory of
with the interpretation of the corresponding experimental semiconductors' 0 we redefine it here as the set of condi-
results is that ambipolarity (or local charge neutrality) is tions under which local charge neutrality prevails (see be-
maintained in the PCO3. Under these conditions the phys- low). Under these conditions the PCG measurement can
ical quantity derived is the important photoelectronic pa- be readily shown"9 to yield the relation
rameter which is known as the ambipolar diffusion length
L. This crucial assumption has not been confirmed thus y,-(l + k2L2 ) -, (2)
far. In fact, it is quite surprising that in spite of the many where k = 2r/A, A is the grating period, and L is defined
reports-7 in which the results were interpreted in terms of by9.11
L no one has reported nonambipolar transport. In view of
the importance of the knowledge of the minority-carrier Ar L 2 - (2koT/q) [1uBuh4,)/(&,L + u18O,)]to=_2Dd.@ (3)
( acL 2 ) product for the physics' and application' of hydro-
genated amorphous silicon (a-Si:H) and in view of the Here kcT is the thermal energy, q is the (positive) elec-
present abundance of the PCG method, a critical exami- tronic charge, 0 s,(M) is the electrons' (holes') band mo-
nation of this assumption appears necessary. bility, O n(Op) is the ratio between the free-electron (hole)

The PCG technique is based on a comparison of the ac concentration no(Po), and the total (free and trapped) con-
(due to light chopping) photocurrent through a photocon- centration of electrons (holes), N + no (P + Pe), and 92 isductor under two conditions: when it is subjected to spa- the "common" two-carrier recombination time.9 'tU"t Un-
tialymodu launderte diuminationsan when itisun d the spam der the PCG configuration, in the zero applied field limit,

m illumination intensity there is no such modulation. The the excess free-electron (hole) concentration that forms

relation between the corresponding ratio of the two ac pho- under t=re generation grating is dtesribed by en
tocurrents, 0, and the microscopic transport and kinetic = As, cos(kx) n p -( A cos(knx)]a where ,A,(An) is the ix-
parameters of the material, which are summarized (s cess eletron (hole) concentration amplitude. Hence it is
below) by the parameter y'., is given byL'9 obvious that local charge neutrality will be maintained if

bprOp = An/Or Physically this condition means that all
(free and trapped) generated electrons are not spatially

* yc [(l --P)/(2•o)J]t (I) separated from all generated holes. Since the carriers dif-

fuse from regions of excess illumination and the dielectic
Here -r0 is an experimental quality factor which is of the response time rd ( = e/o 0 . where e is the dielectric con-
order of unity"3 and y is the well-known light-intensity stant) is finite, some separation will always exist. In the
exponent of the samples' dc photoconductivity go (i.e., PCG configuration, where the only imposed length scale is

* ao c G& where Go is the carrier's generation rate under the the grating period A, one can say that "local" charge neu-
relatively large uniform dc background illumination). trality prevails if the two-carrier separation in the PCG is

The purpose of this letter is to suggest a test by which much smaller that A. This happens when A is much larger
one can qualitively identify the existence or nonexistence of than the dielectric diffusion lengths of the two carriers. The
ambipolar transport in the PCG and to demonstrate exper- latter lengths are the distances traveled by the two carriers
imentally that one can find ambipolar as well as nonambi- due to diffusion within the time r,. This distance for all the
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(fmlu and trapped) elctons is (D,...rd) ", and for A the ,.0 ,NN . ass,
holes t is (DM,97d)1 2. Here D.(Dk) is theu dusion coef- o o
hicent of free elcbt (holes). Hence the requem nts -

forambipoladty in the PCG are A i (DO.93 f)'"nwLdmd 06-

A > (D, 9p1•)n0mL4

This conclusion, from the above simple physical pic-
ture, has also been derived rigorously.' The exact solutions 0.2
found (which are given explicitly in Ref. 9) yield the de- -.0 _____I______

pendencies of A, and A, on k2 and f where 0 1 2 3 , 5'

f=A/AA= [vo/(eGp) + k2D 5]/[cO/(eO.) + k2D,], (4) FIG. I. The meamred dependence of the normalized grating amplitude

and where Uo = q(fno + IAPo). Considering the definition on the squared wave-vector of the photocamer gratinl. a obtained on

(4) it is apparent that f is a quantity that measures the udOW device qulity ii.

degree of ambipolarity. Indeed, when the above ambipo-
larity requirements for 4,, and L-d are fulfilled, f is re- Let us estimate now the magnitude of the parameter f
duced to 0./10, and the ambipolarity condition A, [Eq. (4)] and the corresponding expected yVt vs A-2 depen-
- (e,/ep)A, is fulfilled. Correspondingly A, is given by' dence. In trying to quantify f one notes that we do not

know the values of D, and Dh in a-Si:H and even for !s. and
G+k we have only rough estimates. However the order of

With application of Eqs. (3) and (5) and the definition"4 magnitude ofthese quantities is quite well established"6 as
of ye,, as the ratio of the excess plhotoconductivities in the it, = 10 cm2/V s and/•, = I cm 2/V s. Assuming the Ein-
presence and absence of the grating, i.e., as'. 14 stein relations one can then estimate that D,

- (kT/q)p, = 0.25 cm2/s and that D1, = 0.025 cm2/s.
yes=q(/u,4, + I4 A,4,)/[Giouo/o], Consideration of Fermi-Dirac statistics14 and our knowl-

one can immediately see that under the ambipolar condi- edge of the band-tail widths16 are not expected to increase
tions yes is reduced to the weUl-known" 3 relation given by these values by more than a factor of 3. The photoconduc-
Eq. (2). tivity is well known for device qualitys a-Si:H; for a gen-

If the conditions for L,, and Lid are not fulfilled si. eration rate of 10& cm - ' s - ' ( I-sun intensities) it is of
multaneously we have to introducef from Eq. (4) into the the order of or = 10-4 (11cm) -. Since for a-Si:H,
expressions for A, and A,, and then use the definition of c = 10 - 1o F m - 1 and since in the typical grating geome-

yes. For example, in the extreme nonambipolar limit, i.e., try A = I pm, we find that under the above conditions f of

when f = DV/D, yre has the form Eq. (4) is of the order of

rye=(I +Bk 2)/(Ck4+Dk2 +E), (6) f=(lOS/Op+ 101)/(101/0.+ 109). (8)

where B, C, D, E are quantities determined (through cum- For obtaining the ambipolar limit, i.e., in order that the
bersome expressions) by the various material parameters vf (k 2 ) dependence given by Eq. (2) will be maintaining,
that characterize' A, and A,. In the intermediate case, i.e., we must have 06 < I and 0. < 10 - '. These two conditions
when the condition for L, is reversed but the condition for are definitely fulfilled considering the above values of u,
L/. is fulfilled [so that f = (k 2Dr') - ' f fes takes the and ps, and the corresponding values of the drift
form mobilities. '

S+ bk2 + c) + l/(a' + b'), (7) Turning to the experimental results derived from the
1" c2/(ak + b ) l/)measurements on the PCG we note that these results are

where again a, b, c, a', b' are determined )y the various usually presented by #(A) plots. 1.3 Here, however, in order
material parameters. The latter case describes, for example, to make a comparison with the predictions (2), (6), and
an n-type material for which L, > A > L,,. The condi- (7), we use the dependence of yef [the values of which are
tion Ld > L4d definitely holds in undoped and phosphor- determined from the measured P and relation (1)) on k2.
ous-doped a-Si:H where (assuming the Einstein relation"') In Fig. I we show the predicted [Eq. (2)) and the experi-
one would expect that D,, ). DAG, (since's pI,. mentally observed yff vs kP dependence for device quality,
> lOg49,). Hence in discussing n-type a-Si:H we do not undoed a-Si:H. In the present cae we found' that
have to use the most general expression for the parameter 10y' = 0.91 which is consistent with the independent de-
f [Eq. (4)] and we may consider the three simpler cases termination of y ( = 0.85). The excellent agreement be-
that yield the V& results given by Eqs. (2), (6), and (7). tween these results and the predicted behavior of Eq. (2),
The important point to realize is that unlike the ambipolar as well as the above-mentioned expectation from Eq. (8),
case given by Eq. (2), the cases described by Eqs. (6) and seem to confirm our suggestion' that the small values of
(7) yield a maximum in the yeg vs P dependence. Hence a 0. and 0, are the reason for the ambipolar behavior in the
presence of such a maximum in the experimental data is a PCG imposed on undoped a-Si:H. This proof is, however,
clear signature of nonambipolar transport. A more detailed incomplete since it could be that the experimentally ob-
discussion of the various coefficients in Eqs. (6) and (7) served Eq. (2)-like behavior is "universal" and has noth-
will be given elsewhere. ing to do with our f parameter. In particular, this possi-
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bility cannot be ignored since no other experimental yff vs 2. Hence the guidance provided by our ambipolarvy
k2 dependence has been reported in the literature"- thus coefficient9 f is shown again to have a predictive power for
far. In order to provide a decisive proof for the applicabil- the ambipolarity test.
ity of the theory, 9 and the meaning off as outlined above, In conclusion, we have shown theoretically and exper-
one has to show that being guided by our expression for f imentally that a nonmonotonic decrease of the normalized
[Eq. (4)] it is possible to obtain experimentally nonambi- grating amplitude with the squared grating-wave vector is
polar behaviors such as those given by Eqs. (6) and (7). In a signature of a nonambipolar transport in the PCG. Our
other words, one has to show that by upsetting the fulfill- procedure provides, then, an immediate qualitative test for
ment of the conditions for Ld or for LAd one can obtain a the interpretation of the results in terms of the ambipolar
deviation from the ambipolar behavior given by Eq. (2). diffusion length. A quantitative application of the ambipo-

We have chosen to demonstrate a nonambipolar be- larity factor f further confirms that the claim made in the
havior by using a doped material. Our approach is based many reports, in which the value of L was derived from
on the finding15 that with a few ppm if phosphorous dop- PCG measurements on undoped a-Si:H, is justified, and
ing the drift mobility of the electrons increases while the that the reason for this is the high trapping rate in this
drift mobility of the holes does not, i.e., 06 increases while material.
0e does not. On the other hand, it is known that such This work was supported in part by the U.S.-Israel
doping causes an increase in the photoconductivity. In or- Binational Science Foundation and in part by the U.S.
der to offset this increase we have used thinner films (4200 Army Research Office, Grant No. DAAL-03-89-6-0114.
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* resolution used, a situation that is detrimental for quan-
tification. Since the resolution width is usually Pro..
portionai to the Auger energ, this effect is more _________________

pronounced in measurements of high-mnery Auger EXPERIMENTAL
lines. Contrary to the common belie (see e.g. Ref. 3)
that the width of the Auger lines is of the order of 3-4 Tesmlssuid oehrwt h ivrsadideV, the widths of the high-energy lines of many elements Thre smplnes siutud nedtogethe witn the sveruu shambard0are below 1 eV,' a fact that enhances the dependence of wer & ountedsica ultaneousodly in0 th ger vaumchamberthe measured concentrations On the resolution usd ofei ahsirfcal wetroeclanmode 560 a ugerio bmicroproe.In order to overcome these difficulties, we have Thei suroaes Ofoeainwere leane byih argo onbmbasrdentderived'4 a universal relation whereby the experimen- Twou modes oC op lecraton w pereosed p fon the hemicasul
tiallte Asuger sigal, o r afeped tode as the denvative analysis) mode' and the 'Auger mode'. In both modes ant.amplitude'r ca gneasly h rcorrftd so as toe rdeprivsent electron beam was used to excite the Auger transition..c_ ampitue , a cuateasly in bos case ws o the tru vlue of In the ESCA mode a retarding field is applied to the" "/eiatie accpratuely in mothcamtw trured Vatoml l Auger electrons so that they enter the analyse at a lowrth4peisie a-asrdamplitude. for thati eqlinedofteachmelement (constant) energy. The resolution attained in this modethI' bymesue O W(IW~1].Hre - ,E)the linntreac nsicen was extremely high, amply sufficient to measure aeC-widt of th lin [ andWp 2 H1 ereW) is the reou iontwidthia rattly the natural shapes and intrinsic widths of ailwit of tg 1e hue bnd WA hu s tMrslto widtha lanes The intrinsic width W, of each line is given at thistefinetys, relative2 (et o w a stnadlne 'St~ e (such as l-~ high resolution by the energy separation betwee thetayS .. related e to th corSpondar ing a Steasured as$Oen ) psitivet o~r and negative peaks of the Auger derivative.is reae otebyf~ "1 lmetrdw~vt Unfortunately, our ESCA anode is unsuitable forS. byquantitative intensity measurements because of losse inSow. m FS.. (1) beam intensity introduced by the retarding fied.- Such

wher thecorrctio facor Fs ~losse have a complicated dependence on energy, sowher th corecionfactr Fis ive bythat a quantitative comparison of derivative amplitudes
I + [W.(E)/IIME)]' (2) for differegnt Auger lines is 12nfeatibit. The derivativeFM I +- CWAStyWo(t)J2  amplitudes were therefore measured in the usual Auger

mode, Le. without the application of the retarding field.
In addition, this is the mode commonly used in quanti-

___ Author 10 whoml cnpo dme bol be addrmeed. tative analyse and is hence of more interest. The
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26 T with a primary beam energy of 5 keV. The deniyive
24 Zn(LMM), E.-5 keV spectra were obtained by nine-point computer differenm

tiation of the measured N(E)-spectra.5 The measure-
ment steps were sufficiently fine (either 0.05 or 0.1 eV)

22 Wr=12.90 eV that the 'differentiation potential' was always less than
0.7 of the measured widths of all the Auger lines

20 studied. Hence this procedure yielded accurate valuesfor the derivative spectra' in as far as the differentiation~18 procedure is concerned.
* The resolution width W, was determined' by differen-

16 vtiating the signal originating from the elastically scat-S W,=5.5 eV tered electrons at a sufficiently high primary beamenergy (-2 keV) and measuring the separation between14 the positive and negative peaks. In some measurements
wJ
"0 .- W, was determined by measuring the actual width of an12 Auger line of narrow and known intrinsic width. The• * Z. measured width W. is related to W, and W, by 210i W,=3.3 eV10 -- 

W 2 W2"+ W2' (3)C')
< Obviously W. = W, in the limit of infinitely good"resolution (W, 4.Wn, while for an infinitesimally narrow6 line (W, 4 W,) W. - W,. Since W, is proportional toenergy, its value at any Auger line can readily be evalu-•4 - 60 meV ated.

2

0 I I I
970 980 990 1000 1010 1020 RESULTS

ELectron Energy (eV)
Figure 1. Derivative spectra of the Zn LMM line in the ESCA The silver line, used as the standard, and all the high-mode (bottom curve) and in the Auger mode at three different energy LMM lines studied were measured both in thefasoiutions (three upper curnvs). ESCA mode (resolution width W, either 60 or 120 meV)

and in the Auger mode at three different resolutions
(0.33%, 0.55% and 1.3% of the line energy). The
detailed lineshape of the silver line has been reportedresolution was varied by adjusting the analyser aper- previously.' Figure 1 displays the evolution of the Zn* tures. In this manner three resolutions were obtained, LMM lineshape as the resolution is degraded from that

around 0.3%, 0.6% and 1.3% of the Auger energy E. in the ESCA mode (bottom curve, W, = 60 meV) toCare was taken at each setting to perform the measure- those of the Auger mode (three upper curves). Thements on the different samples under identical experi- curves in the figure were shifted along the y-axis and themental conditions. The measurements were carried out line intensities were normalized to 10. As seen in the

10 
-

Ge(LMM)
a ESCA mode

Wr= 120 meV

I.&
LA 2
UiJ

1120 1125 1130 1135 1140 1145 1150 115) 1160 1165 1170
ELECTRON ENERGY (eV)• __ ,re .The Go ,,M line msreinthe EAmod.



PLEASE RETURMOH-.M Go LIAM AUGER TRN W10Mo -7~ 3

• ,o re(L--M) "
ESCA mode
Wr-60 meV

* "
LUi

-'4 '
w

* LAL

1 -

670 675 600 615 690 65 700 705 710 7t5 720
ELECTRON ENERGY (eV)

Figure 3. The Fe LMM line mweesurd in the ESCA mode.
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Figure 4. The Ca LMM line mwested in the ESCA mode.
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bottom curve of Fig. 1, the zinc line is intrinsically very
narrow (0.65 eV) and has a satellite about 3 eV above LUML Lns EP kw

Sthe main line. The satellite is still resolved (with lower Ni a

amplitude) in the first upper curve (W, - 3.3 eV)n our
best resolution in the Auger mode. but is completely In

washed out in the much poorer resolutions of the two :5
uppermost curves.

Figures 2-5 display the intrinsic lineshapes of the Ni a
high-energy LMM transitions of the rest of the elements

* studied, as measured in the high-resolution ESCA V Fe
mode. The line intensities in these figures were normal- -
ized to full scale. We note that the Ge LMM line (Fig. < Fe
2), just like the Zn LMM line (Fig. 1), is intrinsically
very narrow (1 eV). Such linewidths are characteristic 0.1
also of the KLL lines reported previously.' In contrast. CA O 0.4 0.4 1.0 1.2 1.4

the LMM lines of the three transiti6n metals are appre- Resolution (s)
* ciably wider, as can be seen in Figs 3-5. Figure 7. As-masiured and corrected sensmvities of the LMM

Measurements in the Auger mode, such as those dis- lines of Fe and Ni belative to the MNN line of Ag as functions of

played in Fig. 1, together with those of the silver line instrumenl resolution

(not shown here) were used to determine the derivative
amplitudes of the different lines and, through their
ratios, the atomic sensitivities. The as-measured sensiti-
vities s, of the Zn and Ge lines relative to Ag at three those for Zn and Ge owing to the larger width of the Ni

Sresolutions are depicted by the open symbols .4n the line (1.75 eV). The agreement with theory in this case is
semilogarithmic plots of Fig. 6. As expected, the as- not very good. This is not surprising since the Ni line is
measured sensitivities decrease as the resolution is far from Gaussian (see Fig. 5). Hence the correction
degraded. The full symbols represent the corrected sen- procedure yields only a rough estimate of the true sensi-
sitivities S,, obtained by the use of Eqns (1) and (2) tivity, yet the divergence in the corrected sensitivities
with W,(Ag) - 1.3 eV.' These are seen to be constant to does not exceed 20%-30%. The Co line is also non-
within 10%-20%, independently of resolution. The Gaussian (see Fig. 4) and the agreement of the sensi-
horizontal lines depict the averages of the corrected tivity values with theory is similarly poor. As for the Fe
sesitivities for the two elements. The curves below rep- line, the agreement with theory is quite good. as
resent the calculated dependences of S. on resolution, expected in view of its Gaussian lineshape (see Fig. 3). It
as evaluated from Eqns (1) and (2), and are seen to fit should be noted that here the corrected sensitivities are
well the measured points. These curves immediately lower than the as-measured sensitivities. This is because
indicate what values of S. are to be expected at any the width of the Fe line (3.6 eV) is much larger than the
resolution. For the case at hand one would need a width of the Ag line (1.3 eV), so that the correction of
resolution of 0.01% or so in order to measure the true the silver intensity is larger than that of the Fe line
sensitivities. Obviously such resolutions are unat- intensity (see Eqns (1) and (2)).
tainable by far in AES measurements. Hence one has no The main results for Zn. Ge. Fe. Co and Ni are sum-
"recourse but to use the correction method described marized in Table 1. The table lists the intrinsic widths
here if one wishes to arrive at reasonable estimates for W, of the lines, as obtained from Figs 1-5. the as-
the true sensitivities. measured sensitivities relative to Ag at three resolutions

Similar plots are displayed in Fig. 7 for the Ni and Fe and the average corrected sensitivities (S.,>.
lines. The correction factors for Ni are smaller than

LM UMrs Ep .5 k@V

to Zn Table 1. Aso-mes eisi S. at thmee remeltiem
-sad sige clefe ,mi- it. <$..,) of the

2ý• LMM mNZs , Ge,Fe, Co audNl Niadve* o de
"* •MNN beef Ag. The daot were takee wth a primary
S1- beim amrl E, of S keV. Abe bidede an the bea

L.ub I aw th ri SebwiieW
"5,•

lImmuW I fV) W, tew) 0.23% 0.11111% .3,% (S,.)

Zn Zn ff4 0.65 0.53 0.48 0.31 S.3'- Go 1147 1.0 0.29 0.22 0.14 2.5

Go F-e 703 3.6 0.17 0.20 0.23 0.13
.'W Co 775 4.46 0.29 0.4" 0.46 0.6

0.1 . . . ' ' '--Ni 111a 1.75 0.41 0.42 0.39 1 •

Resolution () "Ti valu represem s the energy separation between the poeatie
peesk and the mean of the two negative peeks of the diflermted

Figure. As-meaured and coeed bneitlvities of the LMM snl (s Fig. 4).
fines of Zn and Go relative to the MNN line of Ag as functions of 6 These valus we rough estimates (se text).

- instrumental reeolution.
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DISCUSSION The observation that'the as-measured sensitivities atdifferent resolutions can vary whereas the corrected sen.
* sitivities are the same to within 10%-20% demonstrates

The use of the high-resolution ESCA mode with fine once again the validity of our simple correction
steps in the data accumulation provides a detailed procedure-this much in spite of the fact that the Auger
p;cture of the natural lineshapes of all the Auger lines lines studied were not strictly Gaussian. some deviating
studied. All the lines, except the Fe line, exhibit double quite significantly from a Gaussian lineshape.
peaks or prominent satellites in their close vicinity. The corrected sensitivities provide good estimates for
Such fine structure should be useful in studying the dif- the true sensitivities. They can differ by one to two
ferent initial and final states involved in the Auger tran- orders of magnitude from the as-measured values. It is
sitions (see e.g. Ref. 7). these true sensitivities that the results of any theoretical

The narrow widths of the high-energy LMM lines of calculations"' of Auger yields should be compared
Zn and Ge (0 eV or less), just like those of the high- with. This is particularly important for Auger lines orig-
energy KLL lines reported previously,' are not sur- inating from different transitions."
prising, since these lines originate from deep level
transitions. As a result of the narrow widths, the errors
in the asimeasured sensitivities are quite large, requiring Acknowledgements
correspon'dingly large correction factors. The consider-

Sably larger widths of the high-energy lines of Fe. Co This work was supported in part by National Science Foundation
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THEORETICAL AND EXPERIMENTAL DEVELOPMENTS IN THE
DETERMINATION OF THE MINORITY CARRIER PROPERTIES IN

LOW MOBIUTY SEMICONDUCTORS

L Balberg
The Racah Institute of Physics, The Hebrew University, Jerusalem, Israel

S.9 Weisz
Physics Department, University of Puerto Rico, Rio Piedras, Puerto Rico

Until the recent development of the photocarrier grating (PCG)
method it was impossible to follow the phototransport properties associated
with minority carriers in materials in which the diffusion length of these
carriers is in the submicron range. The two systems in which significant
knowled.e of the minority carrier properties have already been extracted by
the application of the PCG are amorphous silicon and polycrystalline Cu-
ternary-chalcopyrites. While the basic physics of the method is well
understood the interpretation of its experimental results, in terms of the

* microscopic transport and recombination mechanisms, is not settled. In this
presentation we give a short review of the present understanding of the
PCG method and its application to the above materials.

I. INTRODUCTION
• The special feature which singles out semiconductors from other

materials is that the electrical conduction in those materials is carried out
by two types of carriers. The carrier which dominates this conduction is
known as the majority carrier. On the other hand the other, minority,
carrier is the carrier which controls the electrical bchavior of inhomogeneous

* semiconductors in general, and in semiconductor devices in particular.
Hence, in addition to the interest in the basic physics of the electronic
structure and the transport mechanism associated with the minority carrier,
there is a strong motivation to study the properties of this carrier from the
device physics point of view. Correspondingly an intensive effort was madf
in order to characterize the minority carrier properties mi semiconductors.

• Of these properties the minority carnicr's diffusion length, Lm, was studied
more than any other parameter. Lm yields information on both, the
transport and the kinetics of the minZority carrier, and is the dominant
parameter in determining the performance of the well understood and
widely used bipolar devices.

It turns out that the many methods which were applied to crystalline
* semiconductors have used in one way or another the tact that Lm > 10

WM. The development. of new, in: particular thin film, semiconductors -whhere
Lm < 1 pim has challenged the researchers of those materials to develop
suitable methods for the measurement of their I.. The first attempts,
which were based on methods used for crystalline semiconductors, failed
mainly because in the corresponding inhomogencous configurations the short

* Lm could not be separated from, the drift length contribution due to the
presence of internal electric fields•.

[0, , ,
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A breakthrough in the possbility of the measurement of Lm came
. when Ritter, Zeldov and Weiser-3 suggested the use of a photocarrier

sinuosidal grating which is based on the possibility of comparing L, with a
variable carrier-concentration grating period A. Itis obvious then-hat for
I-, >> A the existance of the grating does not effect the measured

0 pfibtoconductivity, cr while otherwise a is effepted by the presence of the
grating. The relati&i between a* and A yields' then the valuý of Lm. It
took however three years, afte the work of Ritter et -I , to prove
experimentally that indeed the length parameter detenrm'ed from the
measurement, L, is associated with the minority carriers The exact
relation between L and -Beis still however a matter of intensive discussion.

a On the other hand the litter experimental proof enabled the utilization of
the PCG technique to resolve many materigi-physics and device-physics
issues in hydrogenated amorphous silicon (a-Si:H) and Cu-ternary
chalcopyrites'(CulnSe 2 and CuGaSe 2 ).

SII. THEORTIICAL DEVELOPMENTS

The basic physical picture of the photocarrier grating formed by a
small sinuosoidal carrier generation grating, which is superimposed on
much larger uniform generation background, is now well understood
Quantitatively, it is generally agreeg that the length L derived from the

0 PCG measurement can be written as :

L = v/2Dt (1)

where D is some "effective" diffusion coefficient and t is some "effective"

* small signs•T recombination time that can be written (for high enough a-gvalues) as,:

lIt =(au/an)p + (aU/ap)n, (2)

where U is the common, two carrier, recombination rate in the uniform
background of the electron (n) and hole (p) concentrations. Until recently
even Eq. (1) was in doubt since it is not obvious that a small superimposed
sinuosidal carrier gpneration will yield a small supef"nposed sinusoidal
carrier concentration'. The questions of present debate',' are the meanings
of an "effective" D and an "effective" t. These concepts depend of course

* on the set of assumptions made in the theoretical calculations, and their
justification, when applied to a given material and under given conditions.
We list here the set of assumptions made in order to get the simplest
expression for L in tefrmg of the microscopic parameters of the material, and
we refer to objectionsu-0 made regarding this set.

In the value of D the question is whether one should conside" only
shallow trappi~g or whether deep trapping should also be included'. The
other question is whether the quasi Fermi level (or the carrier generation
rate) effects the value of D and whether one can assume the fulfillrzment of
the Einstein relation in systems studied thus far by the PCG". The
expression for t is even more problematic since one has to assume a priori
a recombination mechanism and thus an explicit expression for U. Also, as
with the quantity D, the question of which trapping should be considered is



Theoretical and Experimental Developments in ... 1749

still ope6- 8 . Correspondingly the interpretation of the value of L and its
light intensity and temperature dependences, in terms of electronic structure
and transport mechanism, is determined by the assumptions made regarding
the material under study. The simplest assumptions are the fulfillment of
the Einstein relation, constant carrier mobilities, olyo, shallow (or no)
trapping, and a Shockley Read recombination mechanism ,' (single level, n,

«<< P N. where Pr and N are the corresponding concentration5 of
available recombination centers). hlese assumptions yield the expression

L2 = (2kT/q)1[ýe.hi'n-'pJ / [ý.e•n + P.LhTp], (3)

where, kT is the thermal energy, q is the electronic charge, Le(Ph) is the
electron (hole) mobility and -r (-r&)- is the electron (hole) recombination time
in the uniform background oF'tlie two carriers. One notes of course that if
the minority carriers are the holes (;'h <<p « e.n) this expression is
reduced to L2 = (2kT/q)f.thrp and thus the assumption:

L = Lm (4)

is fuWUed. As stated out above there is currently sufficient experimental
data-' to assume that Eq. (4) is a fairly good approximation for the
materials studied thus far. However the acrcuracy of this relation is definitely
an open question and so is the pta1-,1 information that can be extracted
regarding the recombination process ,',"

0 II1. EXPERIMENTAL DEVELOPMENTS

At present there are some twenty PCG experimental systems in the
world, which except for some minor details are similar to the system used
initially'. The photocarrier generation grating is created by the interference
of two coherent laser beams, which are of very different light intensities.
Hence the generation of a large uniform carrier background and a smajl
superimposed, sinusoidal, camer grating which has a submicron period-'"
The initial experimental results obtained by the PCG1 method yielded
obýservations which appear-to be contrary to expectations'. The variation of
L- with the variation of materials was found to be over a narrower range

* than the corresponding change in the majority carrier .r product, the ratio
ýh-reL~niwas found to be much larger than the one observed in tiue-
o0- gnt measyrements, and the light intensity exponents eiere found to be
different for L and p.e - in contrast with the e;pectations from the simple
Shockley Read model. "it turns out4 that the first observation is simply a
result of the A range available at present in PCG experimental systems,

* while the second observation relates only to the oldest sets of data, which
were taken in measurements carried out on nearly compensated materials.
The third observation is obviously a result of the application of the above
Shockley Read app roach. One can show that if charge neutrality is
considered a one level Shockley Read-like model of recombination can still
explain most of the data reported. This is since under this consideration

* Eq. (2) takes the two term form:

i/t = Kin + K2(Nr+Pr) (5)

S=:
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where K1 ana K2 are constants. Hence the range of possibilities covered by
Eq. (5) is enough to account for the data. In fact for materials where this
is not the case it is enough to introduce just one idditional (e.g. correlated)
recombination center in order to explain the data . At present the proper
approach seems to be the one in which the minimum assumptions, necessary
to explain the deviations from the behavior given by Eq. (3), are made.

Among the achievements of thý applications of the PCG technique to
a-Si:H materials we should mention : optimization of materials by finding
deposition conditions under which L is maximized, determination of the
majority carrier to minority carrier transition (as a function of boron
doping), evidence for the wxistence of safe hole traps, the determination of
the dependence of the minority carrier quasi Fermi level on temperature,

* the surface recombination velocity, the relation between ýLe'rn and the
corresponding quantity in time-of-flight measurements, ar.d the
experimental proof that it is the minority carrier which is the limiting
carrier in the p-i-n solar cells. In the Cu-ternary-chalcopyrites the PCG
yielded the value of Lm and its relation to the variable crystallite size in the
material. Here again conditions were found for maximizing Lm as a

0 function of composition and deposition parameters3.
In conclusion, the PCG is presently the only available method for the

experimental study of the phototransport properties of the minority carriers
in materials where the corresponding diffusion length is in the submicron
regime. The present understanding of the method and its results is
definite)y sufficient for the understanding of the device physics of the

* corresponding materials. From the progress made thus far it appears also
that additional data and proper theories will enable to make this method an
effective tool for the derivation of more detailed information regarding the
basic physics of these materials.
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Lineshapes and yields of high-energy Auger lines

S Z Weiszt, M Gomezt, 0 Restof, M H Fariast§, Y Goldsteint and A Manyt
t Department of Physics, University of Puerto Rico, Rio Piedras, PR 00931, USA
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Abstract. We present high-resolution measurements of the Auger MSN 67N6 transitions of Au,
Pt and W. All the lin'" studied are narrower than 2 eV. We also measured the atomic sensitivities
for the above Auger transitions with a resolution of 0.4% of the Auger energy (somewhat better
than commonly available). With this resolution it is impossible to resolve fine structure and
gross errors are incurred in the measurements of Auger signals. We corrected the measured
sensitivities with the method developed previously; the correction factors for the sensitivities am
around ten. These large factors represent also the err incurred in the as-measured sensitivities
if no correction is applied.

With the commonly available analyser resolution in Auger electron spectroscopy (AES), of
about 0.5% of the Auger energy, the lineshapes can be greatly distorted and most of the fine
structure obliterated. Large errors can also be incurred in the measured signal intensities
[1]. This effect leads to gross errors in the measured atomic sensitivities and hence in the
evaluation of cross sections for Auger excitation. In order to overcome these difficulties,
we have derived [1] theoretically a universal relation whereby the experimentally measured
peak-to-peak amplitudes of the differentiated Auger signal can be corrected so as to represent

* quite accurately the true atomic sensitivities.
The samples studied were mounted together in the vacuum chamber of a Physical

Electronics model 560 Auger microprobe. TWo modes of operation were used in the A4S
measurements [1], the 'ESCA mode' and the 'Auger mode'. In both modes an electron beam
was used to excite the Auger transitions. In the ESCA mode, a retarding field is applied to

* the Auger electrons so that they enter the analyser at a low (constant) energy. The resolution
attained in this mode, 200 meV, was very good. Such a resolution, combined with a fine
mesh (0.05 eV), was amply sufficient to measure accurately the natural shapes and intrinsic
widths of all lines. Unfortunately, our ESCA mode is unsuitable for quantitative intensity
measurements [1]. The Auger signals were therefore also measured in the usual Auger
mode, with a resolution of 0.4% of the Auger energy. We present results on the highest-
intensity MNN lines of Au, Pt and W, corresponding to the M5N67N67 transitions. In the
ESCA mode the lines are well resolved and, in addition to the main peaks, several satellites
were observed. The widths of the main peaks and the satellites are less than 2 eV (see

* table 1). In order to obtain the atomic sensitivities (with respect to Ag), we measured the
Auger signals of Au, Pt, W and Ag in the Auger mode. The lines appeared now as single
peaks with no discernible fine structure. Their as-measured atomic sensitivities (relative to
Ag), Sto.r, are listed in table I.

The high-energy MNN lines of Au, Pt and W are quite narrow, less than 2 eV. Because
• -- of their high energies (- 1700-2000 eV), the commonly available analyser resolution (about

0.5%) in their vicinity would be - 8-10 eV. Obviously, it is impossible to resolve such
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Talie 1. The intrinsic linewidtha of the MsNs7N67 trinsltious of AiK Pt. and W, and their as-
measured and corrected atomic sensitivities relative to Ag. The primary electron beam energy
was 5 keV and the analyser resolution 0.4%. The effective width ofthe Ag line used in the
calculations of S;. was 1.3 eV [1]. Also included ae the theoretical values of Mrockowski
and Lichtman 121 and those listed in [3].

Element E1 (eV) Wi (eV) S==. Scar Thmo.y [2] Handbook [3]

Au 2015 1.95 0.033 0.27 0.077 0.036
Pt 1960 1.90 0.036 0.30 0.092 0.042
W 1729 1.45 0.076 0.83 0.130 0.080

narrow lines with that kind of resolution. Thus, the only way to obtain the intrinsic lineshape
of the lines is by operating the analyser in a very-high-resolution model, such as the ESCA
mode used here. The narrowness of the high-energy lines and the poor analyser resolution
in the Auger mode pose another problem, that of how to obtain the true atomic sensitivities
associated with the transitions. Our analysis makes it possible to overcome this difficulty
even when the resolution is much poorer. All that is needed for a good approximation of
the true sensitivity is to multiply the as-measured line intensities by the correction factor
[1] [1 + (Wr/Wi) 2], where Wr is the analyser resolution width at the Auger-line energy and
Wi is the natural Auger linewidth. This procedure has to be applied for the transition in
question as well as for the standard transition (Ag in this case). The atomic sensitivities
are then given by the corrected line intensities relative to that of Ag. The fifth column in
table 1, S,,, lists the values of the corrected sensitivites. We note that they are about an
order of magnitude higher than the as-measured sensitivities (S,,..). They are also higher
than the corresponding theoretical values derived from Mrockowski and Lichtman's [2]
calculations and listed in the sixth column of the table (theory). For comparison purposes,
we include in the last column the sensitivities taken from [3]. They are fairly close to our
as-measured sensitivities obtained with comparable resolution. We wish to stress that the
corrected values represent true sensitivities. It is these values that should be compared with
theoretical calculations on the one hand, and be used for more accurate quantification of
Auger measurements on the other.
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ABSTRACT

Pulsed measurements on the solid-electrolyte system, which proved very
useful in the study of crystalline semiconductors, have been found to be equally
effective when applied to hydrogenated amorphous Si films. Here, as well, the
aSi:H/electrolyte interface is essentially blocking to current flow and, as a result,
surface space-charge layers, ranging from large depletion to very strong
accumulation conditions, can be induced and studied. In particular, valuable
information can be gained on the density of the localized bulk states.
Measurements in the depletion range under illumination yield directly the total
density of occuied states in the entire energy gap. This is very useful in
obtaining a quick and reliable assessment of the quality of the amorphous films.
In high-grade films we find that the total density of occupied states is around
l101 cm". The data in the accumulation range, on the other hand, provide
useful information on unoccupied states near the conduction band edge. The
blocking nature of the amorphous Si/electrolyte interface is utilized also to apply
a sweep-out technique for an accurate determination of R-r, the product of the
electron mobility and lifetime, even when this value is vet low. In a rather
poor-quality film, for example, we find pTr to be 5 x 10-a cmN/V.

INTRODUCTION

Considerable effort, both theoretical and experimental, has been devoted to
derive the density of states spectra in a-Si:H films [1]. In this paper use is
made for this purpose of pulse measurements on the semiconductor/electrolyte
(S/E) system. Such measurements, which proved to be very useful in the study
of crystalline semiconductors [2-4], have been found to be equally effective when
applied to a-Si:H films. The essentially blocking nature of the S/E interface
allows one to induce by an applied bias space-charge layers at the a-Si:H
surface, ranging from large depletion to very strong accumulation conditions. In

* this manner, the entire energy gap in the space charge region, together with its
localized states, can be swung below and above the Fermi level. At the same
time, one can measure the surface space-charge density Qsc as a function of the
barrier height Vs. In a-Si:H, Qsc resides predominantly in the localized states
(except in strong accumulation conditions), so that the measurements yield, at
least in principle, the energy distribution of the density of states.

High-grade, device-quality films are usually close to intrinsic (resistivity
-1010 ohm-cm). Such high-resistivity films cannot be handled by our
measurement technique because the surface space-charge capacitance Csc cannot
be charged within the short-duration applied pulse biases. Accordingly, most of
the results to be reported here have been obtained under illumination, for
which the photo resistivity is typically 10' ohm-cmn or less. Our measurements

* in the depletion range are in remarkably good agreement with the theoretical
curve that takes into account the presence of localized states [5]. The data thus
yield directly thc total density of occupied states in the entire energy gap. This
is very useful in obtaining a quick and reliable assessment of the quality of the
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amorphous films. In high-grade materials we find that the total density of
occupied states is around 10"8 cm 3. The rcsults in the accumulation range, on
the other hand, provide useful information on the unoccupied states near the
conduction-band edge. Analysis of the data in this case, however, is more
difficult because surface states are appz:ently also involved.

The blocking nature of the a-Si:H/electrolyte interface is utilized also to
apply a sweep-out technique for an accurate determination of pr, the product of
the electron mobility and lifetime. The technique is effective over a very wide
range of pvr. In a rather poor-quality film, for example, we have measured a •"r
value as low as 5x10"s cm 2N.

EXPERIMENTAL

Device quality a-Si:H films were prepared by rf glow-discharge
decomposition of silane. First, a thin n+ layer was deposited on a conducting
glass substrate, followed by a 1 ptm thick intrinsic film. The n+ layer provides
an ohmic contact between the conducting glass and the intrinsic film. The
conducting glass was cut into squares of about 0.5 cm2 in area and a contact
attached to the conducting glass. The wire lead, contact area and the entire
sample were masked by epoxy cement, except for a small area (- 2 mm 2) of
the film's surface to be exposed to the electrolyte. The sample and a platinum
electrode were immersed in an indifferent electrolyte such as Ca(N0 3)2 or
(NH4 )2SO4. The sample was illuminated through the (transparent) electrolyte by
a -2 mW Hc-Nc laser. The measurement technique has been described
elsewhere [31, and will be reviewed only briefly here. A short (0.1-40 pcc)
voltage pulse applied between the Pt and the sample is used to charge up the
semiconductor space-charge capacitance. The voltage drop across these
electrodes, measured just after the termination of the pulse, represents to a very
good approximation the change 8V in barrier height across the film's space-
charge layer induced by the applied pulse. The change BQsc in space-charge
density is obtained from the voltage developed across a series capacitor, again at
the termination of the pulse. In general, the induced charge may include also
charge leaked across the S/E interface arising from imperfect blocking. Methods
have been developed to determine directly the leakage charge and subtract it, if
necessary, from the measured charge so as to yield 80sc [3,41. In the case of a-
Si:H-, however, the interface is essentially perfectly 'blocking over the entire
range of barrier heights studied. Pulses of varying amplitude are applied singly,
one per data point taken. In this manner electrochemical reactions that may
take place at the a-Si:H interface are practically eliminated and, what is more-
important, damage to the amorphous film is minimized. We found that
applying a large number of pulses degrades the material, drastically reducing its
resistivity and introducing large trap densities.

In order to derive the Q vs. V curve from the measured BQs vs 8V
data, one has to determine V anJ Q 5 the quiescent barrier height anQ
space charge density, respectivly. V is 5 etermined quite accurately (to within
± 20 meV) from measurements in the depletion range. The entire Qsc vs. Vs
curve can then be constructed, using the relations Vs = V 0 + BV, Qse =
Qsco + SQsc. In what follows the surface electron density = Qscq, where
q is the electronic charge, rather than Qsc, is plotted against vs.

The dark and photo resistance of each sample (between the a-
Si:H/elcctrolyte interface and the n+ contact) was derived from current-voltage
characteristics measured at the onset of the applied pulse, before the surface
space-charge capacitance can be charged through the sample's resistance (see

0 -_.
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below). In this manner, the blocking interface is effectively shorted.

RESULTS AND DISCUSSION

. Typical results of the surface electron density Ns vs. the barrier height Vs.,
obtained for an illuminated a-Si:H sample from measurements with a pulse of
3-jisec (squares) and 30-psec (circles) duration, are displayed in the semilog
plot of Fig. 1. In the depletion range (V <0), the Ns values are negative and,
because of the logarithmic scale used, die plots are those of their absolute
magnitudes. The free electron concentration under illumination nbl in the
amorphous film has been derived from the measured photoconductivity on the
assumption that the electron mobility p is 10 cm2Nsec [6,7]. The corresponding
theoretical dependence of the surface electron density N on barrier height Vs,
as obtained from a solution of Poisson's equation [5] in the absence of localized
states, is shown by the dashed curve. The experimental points are seen to lie
well above this curve indicating, as expected for amorphous films, that the
space-charge layer in both the depletion and accumulation ranges is dominated
by localized states. __________1_1

When a depletion layer " 1, r c-Si:H #108, ILLUMINATED .!
is formed (by an applied nt,=8x 1 rn I V..=-0.03V-
negative pulse), free and fmV
trapped electrons are T310 T =3o Asec. Ng-9x10 cm o,0C
expelled from the surface L 6P CP J31

region, leaving behind the

positively-charged localized 0 S3

states that make up the z
immobile space-charge in the MO 10 11
depletion layer.. Consider u T=3 jsec. N,=8xO's cm-3

first the casc of a non-w.
illuminated sample. The first w10-------------
process that occurs following o C A
the application of the u DEE0.N 0.5 1CCUMU .0N

negative pulse is the 2 1 0..12.0 -1.5 -1 .. -0.5 0 oo' * , TO
expulsion of free electrons w BARRIER HEIGHT V, (V)

from the surface region. As
a result, there is a net Figure 1. Surface electron density N vs.
thermal emission of trapped barrier height Vs in an illuminated sample of
electrons from localized a-Si:H.
states into the conduction
band, and the emitted electrons are, in turn, swept away from the space-chargc
region. Only shallow states, down to 0.3-0.4 eV below the conduction band
edge, are able to do so within the measurement time (the pulse duration) [5].
Under illumination, on the other hand, the situation is quite different. Hole-
electron pairs are continuously generated by the light. The electrons are
expelled from the surface -region, while the holes are attracted to the surface
where they can recombine with the trapped electrons. In this manner electrons
in occupied states throughout the energy gap can be discharged and expelled
from the space-charge layer, irrespective of the depth of the states. The only
factors that determine which and how many states can release their trapped
electrons within the measurement time are the hole capture cross sections of
the states and the hole trapping kinetics. Referring to Fig. 1, we see that for a
measurement time of 3 apsec (squares) only a fraction of the trapped electrons
are expelled, but when the pulse duration is extended to 30 ptsec (circles),
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practically all occupied states in the depletion layer are discharged and expelled
(see below). The solid curves, passing in each case through the points, were
calculated from Poisson's equation for the case in which localized states of
densities Nt (as marked) are present [5]. The agreement between theory and
experiment is seen to be remarkably good, adding considerable confidence to
our analysis. The total density of occupied states in the entire energy gap, as
derived from the data for the 30 pzsec measurement time is about 101 -cm3,
which is the expected value for the films studied.

When accumulation
layers are formed, 12

unoccupied states are filled " a-Si:H, UNDER ILLUMINATION
up. Here again, the E 10
experimental points are seen -N #102
to be initially well above the C
dashed curve calculated for "-
the case of no localized _
states present, indicating that
localized states dominate the Lj
space charge layer in this

(Lrange as well. Surface states < 4
are probably also involved.,-
At stronger accumulation cj 2 110

conditions, however, the I 2
calculated curve crosses the W 1109
experimental points and 0- 0
climbs above them. This is I 10 20 30 40 50 60PULSE DURATION (/usec)
not understood at present,

and more work is in progress Figure 2. Expelled trap density vs. pulse
to account for such a duration (measurement time) for three a-
behavior. Further studies Si:H samples under illumination.
are needed also to

* distinguish between surface ......
and bulk states. t, 4 14 0=30msec, Nt=4x19 cm

It should be noted that E
the quiescent barrier height 0000

is nearly zero. This is to be Z10 13 IS

expected since illumination 0
* tends to flatten the bands at v 1 ,

the surface [5]. W T Asec Nt 20o Cm C3
The expelled trap density m

under depletion conditions, z o-Si:H#106. IN DARK ,'0 •i013 C-

as derived from 0 10 n= 1 x 1 cm
measurements such as those - V..=-0.1 V

* shown in Fig. 1, is plotted in W10 0 --- -----
Fig. 2 against pulse duration 1 0
(measurement time). The V D ACCUULAI,lower two curves were W ,02 . I..... , .. .. ,,.....lowtaier twor c -rve e a- 1 -1.5 -1.0 -0.5 0.0 0.5 1.0
obtained for high-grade a- BARRIER HEIGHT V. (V)
Si:H films, while the upper

* curve was obtained after a Figure 3. Surface electron density Ns vs.
film has been degraded by barrier height V in an unilluminated,
the application of many degraded sample of a-Si:H.
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voltage pulses. In all cases, the expelled trap density increbses with pulse
duration, but tends to saturate at a pulse. duration of 30-40 PIsec. We
interpret the saturation level as representing the total density of occupied states
in the energy gap. We are in the process of developing a model involving the
hole trapping kinetics in order to account for the shape of the experimental
curve. Such a model might yield an estimate of the average cross section for
hole capture by the occupied states.

The results depicted in Fig. 3 are similar to those in Fig. 1, except that .they
were obtained for a non-illuminated sample. The low dark resistivity necessary
for the application of our pulse technique has been achieved in this case by
degrading the film (sce above). Here we find a rather high density of occupied
states, as expected for poor-quality material. Since the sample is in the dark,
the trapped electrons must now be discharged through thermal emission into
the conduction band. As such these states must be not deeper than 0.3-0.4 eV
below the conduction-band edge [5].
The dark and
photoconductivity of a
degraded 4-Si:H sample vs. 4,.
applied pulse voltage is ? 3 a-Si:H #101
displayed in Fig. 4 on a 1
semilog plot. The : , --
measurements were taken at E cm 2 /

the onset of the pulse, vs '7--5xl 1-"
before the space-charge Z1 (V
capacitance at the a-Si:H
interface can charge up. For 6 liGHT DARK
positive pulses (electrolyte 5
positive with respect to the 4

n+ contact), the conductivity Z 3
in both the dark and under 0
illumination is seen to 2 5-4 "3 =2 "¶ 0 1 2 3 4 5

increase with applied voltage. APPLIED PULSE VOLTAGE (V)
This Is due to electron
injection from the n+ layer. Figure 4.Dark and photo conductivity of a
In the negative polarity, the degraded a-Si:H sample vs. applied voltage
dark conductivity is pulse. Solid curve in the negative pulse
independent of voltage, as it range represents eq. (3) for ývr = 5 x 10"8
should. The cmVN.
photoconductivity, on the
other hand, is seen to decrease with pulse amplitude, approaching the dark
conductivity at large negative voltages. We attribute this behavior to electron
sweep-out by the applied fields, as shown by the following considerations. The
continuity equation [5] for the case of a blocking contact can be written as:

dN/dt - L - Nh - pEN/d, (1)

where N is the total density of photo electrons in the sample per cm 2, L is the
number of hole-electron pairs generated by the light per cm2sec, E is the
applied field and d is the film's thickness. Strictly speaking, the last term in eq.
(1) should be ILEnbl(d), where nbl(d) is the electron concentration at the n+
contact. For simplicity, we have replaced nbl(d) by the average electron
concentration N/d, which is a fairly good approximation. Space-charge effects
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are negligible in this polarity, even if all photo electrons are swept away from
the sample (leaving behind the photogenerated holes). Hence the field is very
nearly uniform at the value V/d. Solution of eq. (1), with the boundary
condition that N assumes the zero-field density No = Lr at the onset of the
pulse (t = 0), yields

N = No(1 + LT-E/d) + Noexp[-(lb- + tLE/d)t]/(1 + d/4LrE). (2)

Now d/4LE is the electron transit time through the film and is typically 10" sec
for an applied voltage of 1 V. The measurement is taken about 1 apsec
following the pulse onset, so that the second term in eq. (2) can be neglected
to a very good approximation. Re-writing eq. (2) in terms of the
photoconductivity a = qpN/d we then have

a = ao/(1 + PwrV/d 2) (3)

The solid curve fitted to the photoconductivity data at negative voltages in Fig.
4 is a plot of eq. (3) for ;L-r = 5xl0"8 cm 2N. The fit with the experimental
points is seen to be very good. The rather low value of ±rr is reasonable for
the degraded sample used in the measurement. The method can be applied
effectively even if wL-r is an order of magnitude lower. It should be noted that I.
in this context is the trap-controlled mobility [7,8].
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ABSTRACT

In this paper we show that the degree of order of the Si network in a-Si:H is
increasing with two length scales from the surface into the bulk. The major manifestation
of the disorder is the variation in the Si-Si bond-stretching rather than the variation in the
width of the dihedral angle distribution. The results are interpreted in terms of the
decrease of the hydrogen concentration from the free surface into the bulk.

INTRODUCTION

A considerable understanding of the lattice dynamics of covalent amorphous
semiconductors in general, and of hydrogenated amorphous silicon in particular, has been
gained"' between the mid 70's and the mid 80's. This understanding is based on the
identification of the phonon spectra in these materials as associated with a coupling
paiameter-weighed phonon density of states of the crystalline one phonon modes.
Following this development the Raman spectra of a-Si:H became a tool in evaluating the
"order" of the amorphous silicon network. Both the tool and the "order" are simply
defined by the similarity to the spectrum- of crystalline silicon, c-Si, while the amorphicity
of the structure (i.e., the corresponding lack of a long range order or the presence of the
corresponding amorphous radial distribution function ) is maintained. The most
conspicuous feature of these Raman spectra is the phonon density band which originates
from the transverse optical (TO) Si-Si stretching mode in the tetrahedral structure of c-Si.
The closer the peak position of the corresponding band in the spectrum, w,, to that of
the c-Si line at 520 cm", and the narrower the peak width, A., the more "ordered" the
material. The microscopic meanings of these features are that the Si-Si bond length is
closer to that of c-Si, and that the width of the bond's dihedral angle distribution function,
AO, is narrower. In particular, models were presented's- and predictions were given for
an almost linear relationship between Amo and A0. Once this model became well
established, attempts were made to relate the degree of order to other physical
propcrtilCs"2, and I0 evatlt1:ite the effects of various filhn dellosition pairamileters oi tleL,
degree of disorder. The pIrlIse ofr the present study is to follow the type and degree of
network order from the free surface of a deposited a-Si:H film toward its bulk.

Our approach in the present work is to study both, the effect of the laser excitation
frequency and the effect of the film thickness on the Raman spectra. The need for such
a simultaneous application of both approaches is that application of the first approach
only, does not enable the association of the observations with other physical parameters
(such as the optical band gap') that were studied in conjunction with the Raman spectra.
On the other hand, the results of the second approach do not necessarily represent
inhomogeneity within the films. For example, it is known that for thick films there is
hardly any thickness dependence of the-Raman spectrat"s, does this mean that these
films are uniform? Hence, mutually consistent results of the above two approaches may
reveal whether the previously reported film thickness dependencies of the Raman spectra
have to do with inhomogeneity in the network structure along the axis of growth, and
indicate the reason for these dependencies. We also note in passing that while film
thickness dependencies of the Raman spectra have been studied previously, we do not
know of a simultaneous report of the thickness dependencies of the TA-TO peak
intensities ratio, I^TA/I.o, the peak width ATO, and the peak position WTo of the TO mode.
Consequently, no comprehensive picture regarding the film thickness dependence of the
disorder has been derived thus far.
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Following the above considerations it appears that only a comprehensive study of
the various features, and the simultaneous approach adopted in the present study may
provide maps for the inhomogeneity of the various degrees of network order in a-Si:H
films. Following the derivation of the maps we will discuss the possible mechanisms that
determine the spatial distribution of the disorder.

EXPERIMENTAL DETAILS

The samples used in the present study were device quality a-Si:H films ithat were
deposited by rf glow discharge decomposition of silane under standard conditions,' v'1

7 .

(e.g., decomposition temperature Ts = 270"C and growth rate of 4A/s). These conditions
were kept the same for all the samples used, except the deposition time which was varied
in order to yield films of different thicknesses. The substrates used were Coming 7059
glass slides. The most relevant characterization of the samples is their optical band gap.
Consequently we show in Figure 1 the Tauc-band gap of the films (the first set was used
for our Raman spectra study). These data were derived from the measured optical
transmission and reflection of the films.

The Raman spectra were recorded using a Raman microprobe' 9 (from Instruments
S.A.) and the applied laser excitation sources were 514.5 nm radiation from a 6W model
Innova 906 Ar" laser, and 620nm radiation from model CR-590 dye laser, both from
Coherent, Inc. The measurements were carried out in back scattering geometry, using a
1OOX microscope objective.
In order to avoid any 21 ,
heating (or degradation) of
the sample, the laser power 2.0
at the sample was kept a first set
below 6 mW and the 1.9 o second set
incident beam has been
slightly defocussed on the 18
samples. The samples'
condition was displayed on a 17
video monitor interfaced to
the microscope. The
detector system was a water
cooled 1024 channel diode 1.5
array from Princeton 0 1 2 3 4 5

Instruments. The raw data d (p rn)
was smoothed using a fast
Fourier filtering program Figure 1. The Tauc-optical gap as a function of sample
(Peakfit V3.0) developed by thickness used in the present Raman study (first set).
AISN Software Inc.

EXPERIMENTAL RESULTS

In Figure 2 we show typical Raman spectra taken by the application of the above
described two laser excitations. It is seen that for this 10 jsm thick film there are
significant differences between the two corresponding spectra that we attribute to the fact
that in device quality a-Si:H the red light photons have an absorption depth of 5WM) nm
while the green light photons have an absorption depth of 70 nm. In the set of samples
studied here the band gap varies, as seen in Figure 1, but both excitations correspond to
above-optical band gap-absorption, and the ratio between these two absorption depths
does not vary significantly within this set. In Figure 2 the feature around 150 cmt, which
is known to be associated with the TA bond bending mode, splits, in contrast to many and
in agreement with many previous reports. T'he most interesting observation is that the
relative intensity of the two subpeaks is differen tfor the two excitations. Since this mode
is believed to involve Si triades6 and Si-rings3 this finding, which has not been reported

0-
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previously, can be attributed to
different relative weights of these
network configurations' in the 1 Opm
film layer adjacent to the surface 1o
(the green excitation), and in the 9 - 620nm
bulk (the red excitation). We a - 514,.
further note that this observation 7
indicates that the intensity ratio z, 5
of the peaks ITA/IIv has to be well P
defined in order to be used as a 5
criterion for the network disorder.

The second feature, around 300
cm"n, is known to be associated 2
with the LA mode and it seems
(by the above argument) to be 50 100 150 200 290 300" 350400'450 500 55A0 60 650

enhanced in the surface region. Roman Shift (cm-I)

The third feature, around 410 cm"
1, which is known to be associated Figure 2. Typical Raman spectra of a-Si:H films
with the LO mode, is responsible under the excitation of two different laser
for the asymmetric broadening of frequencies.
the most conspicuous feature in
the spectrum, the peak of the TO stretching mode, which is located around 470 cm"i. The
strength of the LO mode in the film's layer adjacent to the surface (a larger amplitude
for the green excitation) may be interpreted as due to a higher concentration of Si rings
structures'1t 3 on the surface and its vicinity. Such higher concentration of rings can be the
result of the bond bridging that takes place on the surface.

Examining the TO peak position in both spectra shows a consistent behavior of
both wo and AID. The decrease of wOT and the increase of ATO with respect to those of
c-Si are larger for the green excitation. Considering the above-mentioned criteria for the
short and intermediate range order of the Si network"4 we may conclude that the top 70
nm layer (the depth of the green light absorption) is less ordered than the bulk material.
Note that this is also true for a 10 Am sample for which a film thickness dependence
study can be wrongly interpreted as indicating a homogeneous network order throughout
the film.

The above conclusions are following the premise that the different behavior of the
red and green excitations in Figure 2 cannot be attributed to a resonance Raman
scattering. The basic argument for this premise is that the two excitations used here, are
well removed from the resonance that occurs-, in a-Si:H, for photon energies larger than
3 eV. If there is any contribution of the "tail" of the resonance that affects our results it
is clearly being offset by the penetration effect argued above. The evidence for that is the
fact that is our observation that wTo decreases, the Am increases, and the ITA/1 TO increases
with increasing laser frequency, while in the pure resonant case the reverse is true.
Furthermore, while the switching in the TA subpeaks amplitudes can be easily attributed
to the difference between a bulk and a surface response (see above)it cannot be
attributed to a resonant effect. As we show below, the interpretation of the above data
in terms of the film inhomogeneity is also consistent with the following findings regarding
the thickness dependence of the. features.mentioned above.

Let us turn then to the thickness dependence of - As it is clearly shown in
Figure 3, ,% increases within the first couple of microns of film thickness, and then
saturates for both excitations. This increase is relatively faster for the green excitation in
comparison with that of the red excitation. We interpret these results as indicating that
an "equilibrium" degree of network disorder for the corresponding property is established,
both at the "free surface" vicinity and in the bulk, only for depths larger than a couple of
microns. If we assume that a thin sample is similar in its properties to the top layer of a
thick sample this finding is consistent with the findings of Figure 2. The range of variation
of the network order is also consistent with the homogeneity scale associated with other
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physical properties of these films, .
such as the optical band gap 4M 514m
(Figure 1) and the phototransport
properties'$. For the derivation of
the ATO value, so that the result is 80 "
not affected by the contribution __

of the LO mode, we have E -
considered in this study the value . .....
of twice the right hand side width 3'
of the TO peak as done in 470

previous studies6' 3. We find
that ATO is quite insensitive to the 465

sample thickness but, as clearly 4650 1 2 3 4 5 6 7 a 9 10
seen in Figure 4, it is larger for Thickness (prm)
the green excitation than for the
red excitation. We note in passing Figure 3. The thickness dependence of the TO peak
that the independence of A.o on position for the two applied laser excitations.
d is reminiscent of the
independence found"s on Ts or on
the band gap', in a-Si:H films ,- 620nm

made by glow discharge 70o 514nm

decomposition of silane when the
hydrogen content, C,1, is less than •
20 at % (see below).

The main conclusion from E
the results shown here is then, !! o °

0

that in device quality materials, • ...
AB is a constant. Considering the 50.

theoretical predictions and the
experimental values4. wt Can1
conclude that the bulk AO is as 40 .
narrow as it can be (i.e., %), 0 1 2 3 4 5 6 7 9 10
while at the vicinity of the surface Thickness (urn)
AO has not relaxed to the bulk
optimized value. On the other Figure 4. The thickness dependence of the TO peak
hand the fact that the surface AO width under the two applied laser excitations.
is also independent of the history
of the sample growth, indicates
that there is a "surface optimized" .... 6nm
AO which is achieved in device 0.8
quality a-Si:H.

Turning to the I rA/1T.)
ratio, which we denote here by 0 0.6
ATA/ATo to indicate that the < o
corresponding data is obtained by " 0.5 "
taking the ratio of the areas ,0.4

under the corresponding peaks, ,,
we get the results shown in 0.3

Figure 5. Other evaluations of
ITA/"TO ratios and their meaning 0.21 . . . . .
will be discussed elsewhere.The 0 1 2 3 4 5 6 7 8 9 10

overall decrease of the A.o/ATA Thickness (prm)

ratio with thickness and the larger
ratios for the green excitations Figure 5. The ratio of the areas under the TA and
are consistent with previous the TO peaks, under the two applied laser
results, obtained on glass excitations.
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substrates'6, and with the general decrease of network disorder from the surface into the
bulk.

DISCUSSION AND CONCLUSIONS

The data presented seems to indicate quite clearly that device quality a-Si:H is an
inhomogeneous system in the order of the Si network along the film's growth axis. The
inhomogeneity has two depth scales, one that is less than 70 nm and the other that has
a tail of a couple of microns from the free surface into the bulk. These two length'scales
should be considered when analysis of a-Si:H devices is carried out. The most important
conclusion of the present work is that the Raman spectra reported in the literature, which
are normally taken using 514 nm wavelength excitation, reflect the degree of network
order within the first length scale. Deeper in the bulk the amorphous network has a
considerably larger degree of order.

Turning to the various features of disorder and their meaning let us start with the
A^o thickness independence shown in Figure 4. The fact that Ar has been found to be
independent of T for other films prepared by glow discharge'3 , such that the variation
of E. is the same as in our films (see Figure 1), yields the conclusion that the dihedral
angle distribution disorder is optimized under the preparation conditions of device quality
a-Si:H. The fact ýhat this is in sharp contrast with the dependence found in sputtered
films4"6 ' and the fact that A-1&, is of the order expected for the minimum possible AO is
indicating that no more improvement can be made in narrowing A6 by variation of
deposition conditions. On the other hand the constant difference between ATO values for
the two excitation frequencies used can be interpreted as due to the sharp difference
between the close vicinity of the free surface (70 nm) and the bulk of a-Si:H. While not
mentioned previously in the literature, this finding is not to surprising since the bond
reconstruction near the surface, due to the termination of the tetrahedral network, is
quite different from that of the bulk. The present results show then that the AI width at
the surface vicinity is also optimized, but, as to be expected the surface optimized value
is larger than the bulk optimized value.

The results for the ATA/ATO thickness dependence, which are similar to those
obtained by other researchers (for glass substrates 4), reveal the variation of this ratio on
a scale of a couple of microns, just as the E,(d) variation shown in Figure 1. We find
again a clear difference between the close vicinity of the surface and the hulk. Since the
"TA mode is associated with the presence of Si triadsl this conclusion is consistent with
the variation of the photoelectronic properties which depend on the concentration of
dangling bonds. One can indeed show that there are two length scales involved in the
latter concentration. The first is associated with the surface recombination velocity'" and
the other with a broader decrease of this concentration toward the interior of the hulk-.
The agreement of the above observations with those found in the study of the Raman
spectra as a function of T., for materials of the same optical band gap' is an indication
that it is the E. dependence that should be used for comparisons of features in the
Raman spectra. In particular, since the dihedral angle order is shown here to be
optimized, it appears6 that the prime reason for the variation of E.(d) is due to the
variation of C,,. It is also well known that C,, decreases from the surface into the hulk2'.

* Correspondingly, there is the decrease of the A.I.A/A.,-, ratio with d, and, as discussed
above, the corresponding decrease of the dangling Iond concentration. This conclusion
is also consistent with the wTO dependence on d as given in Figure 3, since again, the
results are consistent with the wT dependence on Ts. The explanation for the latter
results was given by the model of the quasi interstitial hydrogen. This model, as proposed
by Hishikawa et all, suggests that the main role of the hydrogen atom is to act as an

* interstitial impurity in the silicon network, yielding repulsive forces between itself and the
neighboring silicon atoms. Therefore the much larger hydrogen concentration at the
surface and its gradual decrease into the bulk account well for the observation. A model
based on network relaxation, on the other hand, cannot explain simultaneously the
independence of Al. and the dependence of w-tK on d.
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a reprat bors Appled Opflas

T-matrix approach for calculating local fields

around clusters of rotated spheroids

* William Vargas, Luis Cruz, Luis F. Fonseca, and Manuel G6mez

t. T-matrix formalism is used to calculate local electric fields around clusters of prolate spheroids in the
long-wavelength regime. The calculations are performed as a function of interparticle distance as well as

* angle of orientation. The observed red shifts in the resonant wavelengths of the characteristic peaks are
ahown to obey an xmponential relationship as a function of interparticle separation and a sinusoidal
relationship as a function of angle of rotation of the spheroid. The behavior of the cluster is discussed
and the two effects of separation and rotation are compared.

1. Introduction approach that considers vectorial multipolar fields, in
Optical properties of systems of particles whose size is contrast to other recent electrostatic approaches that
smaller than the wavelength of the incident electro- consider scalar multipolar potentials.10  The exten-
magnetic radiation have been studied for a long sion to two scatterers is achieved by using an effective
time,1- but the effect of the clustering of such parti- T matrix for more than one scatterer, which retains

S cles is not yet well understood. Recent interest has all the advantages of the T matrix for the single
developed in this subject because clustering is essen- scatterer and also permits calculations for scatterers
tial to the understanding of many physical processes made up of clusters of metallic particles of arbitrary
of interest. Moreover, the current calculations of shape. The rotation of the individual T matrices
local scattered electric fields are directly applicable to corresponding to any given particle is achieved by
fields such as surface-enhanced Raman scatte.ng using a transformation of the spherical harmonics
and light scattering and absorption from metric under finite rotations. This study extends previous

* colloids in alkali halide crystals.34 research on the calculations of the scattered electric
Clusters of spheres have been analyzed, primarily field in the vicinity of clusters of metallic scatterers.14

in the radiation zone9-12 or with the use of an In this vicinity two-particle clusters of various config-
electrostatic approach. 10.13 The purpose of this study urations gave enhancements of up to 103 and demon-
is to calculate the local electrodynamic field around strated the existence of a critical distance greater
clusters of two prolate spheroids in the long-wave- than the touching distance between the scatterers at
length regime as a function of the separation between which maximum enhancement was obtained.
them and of their relative orientations by using a We demonstrate that because of clustering interac-
T-matrix approach, which describes electromagnetic tions the calculated spectrum shows two peaks for the
scattering for a general wave that is incident on case clusted spr olate peais aligne
objects of arbitray shape. Although the formalism case of clusters of two small prolate spheroids aligned
can be used to calculate important parameters in the in the direction of the incident electric field, in
radiative regime, such as scattering cross sections, contrast to the spectrum of the isolated small prolate

* the local fields are the major concern here. spheroid that has only one peak. The principal peak
The T-matrix method permits an electrodyamic decreases in intensity and shifts exponentially as a

function of interparticle distance to the value of the
resonance for the isolated spheroid, whereas the
secondary peak has a vanishing intensity that de-

W. Vargas is with the Eacuela de Fisics, Univetridad de Costa creases exponentially as a function of interparticle
Rim San Jos, Costa Rica. The other authors are with the distance. A decoupling interparticle distance d of
Department of Physics, University of Puerto Rico. Rio Pisdraa, 4b, where b is the semimajor axis of the prolate
Puerto Rico 00931.

Received 13 August 1991. spheroids that make up the cluster, is observed. At
0003-935/93/122164"07$05.00/0. that distance the behavior of the cluster near any one
o 19© 3 Optical Society of America. of the two constituent particles equaLs that of one
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iblated spheroid. It is shown that there is also a one,
shift in wavelength to the red as a result of the
rotation of the spheroids and that this shift varies '0 - A Re 9,
uinusoidaly as a function of orientation.

For all the calculations herein, silver was taken as a e D. Re *., Itr < rm.,
model metal by using the complex frequency-depen-
dent dielectric function reported in the literature for , F.W1n, Ir > ru, (2)
the bulk material,is although the method is applica-
ble to any material for which the complex dielectric
constant is known. For the range of sizes used in where An are known coefficients, Dm and Fsh are
these calculations, an electronic mean free path re- unknown, r is the radius of the maximum sphere
duced by the boundary of the scatterer or quantum inscphbed in the scatterer, and Ru. is the minimum
size effects could introduce some modifications to the sphere inscribing the scatterer.i
data for silver used here. The elementary wave functions are expressed as

Section 2 presents the T-matrix formalism devel- W.(r) - '1/2 (kh-Vx)•lkry,.A(P)hf(kr)], (3)
oped for isolated particles and its modification for
metallicciusters. The calculations are done as expan- where -r = 1, 2, a = even(e) or odd(o), n = 1, 2...,
sions in vector spherical harmonics *., whose num- m = 0, 1, ... n,
ber n corresponds to terms in the multipolar expan-
sion of the electromagnetic field. Because our main (2n + 1)(n - m)!
objective is to study clusters, spherical harmonics are = •' 4n(n + 1)(n + m)!
used as a convenient basis. A rotation of the T
matrix corresponding to a single scatter is performed, YM f cos(mOW.Ncos 0),
permitting consideration of geometries where the Y,(P) = sin(m4))P,¶(cos 0).
spheroids in the cluster have arbitrary relative orien-tations. The index r - 1, 2 describes the type of excitation,

Section 3 presents the calculation of the local magnetic or electric; f, is the Neumann symbol
electric fields for these dusters. The clusters am defined as co = 1 and e. = 2 otherwise; n is the order
analyzed as a function of separation between sphe- of the multipole; and a gives the parity of the
roids and as a function of angle of orientation with elementary functions. The regular form of the basis
respect to the incident wave. The rate of change of functions are obtained by substituting the Hankel
the wavelength shift as a function of interparticle functions with the Bessel functions.
distance and angle of orientation is then discussed. The surface currents on the scatterers are used to
In Section 4 conclusions are presented. express the expansion coefficients of the internal fieldwith those of the scattered and incident fields, respec-

tively, by the following relationships:

2. Formalism F = -i Re(q')G, (4)

A Single Scatterers A = iQ'G, (5)
The T-matrix formalism developed by Waterman' 6  where G represents the vector of the expansion
takes into account multipolar contributions, which coefficients of the internal field and !' represents the
are essential for any valid calculation of local fields of transpose of the Q matrix. For a particle with a
single nonspherical particles as well as for all clusters complex dielectric function, Q is given by -

* even when they are in the long-wavelength regime.
The formalism also takes into account phase-retarda- Q 0 L ds[VI xRe'
tion effects caused by the size of the scatterers, which 7r J x q3.(kor)
are important for particles and clusters whose sizes
are comparable with the wavelength of the incident + Re *,f(kr) x IV x V..(kor)]), (6)
field.

* In this method the scattered, internal, and incident where k0
2 - Cdw2/c2 and k2 = E.tW2/C2 , s is the

fields are expanded in terms of the corresponding surface of the scatterer, and *''(kr) is substituted by
elementary fields that are a basis set of solutions for Re *,(kr) wherever Re Q appears. In our case c =
the vector Helmholtz equation, 1 (vacuum) and f. is the corresponding value for

silver.
V xV x W - k2W -0. (1) Equation (5) permits the calculation of the internal

field, at least when IrI < r•.,. Eliminating G from
Eqs. (4) and (5), we obtain a relation between the

The incident to and internal s, fields are expanded in coefficients of the scattered and incident fields:
terms of the basis that is regular at the origin Re *,
and the scattered r. field in terms of the nonregular•* F - TA, (7)
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where T is the T matrix of the single scatterer defined as where a,.,.., and R,,,.•. are the elements of the
translation matrices as defined in Ref. 9.

T •-1 Re •. (8) Peterson and Str6m obtained a T matrix for the
With Eq. (2) the local fields can be calculated for cluster of two particles in terms of the T matrices of

IrI < r.. by using the Q matrixand for IrI > r. by each singlescatterer,
using the T matrix, but the region r. > IrI > r" is
forbidden because the convergence of the expansions T(1, 2) = R(a,)[T(1)[1 - of-a, + a2 )
of Eq. (2) is not ensured. Some research has been x T(2)o(-a2 + aj)T(1)]-1
done to improve on this shortcoming;, Bringi and - -
Seliga' 7 proposed a mathematical procedure that x [1 + 0--a& + a2)T(2)R(al - a2 )11
used the T-matrix framework to calculate fields in- x R(-al) + R(a 2)IT(2)[! - or-a 2 + a,)
side this forbidden zone. Barber et ol.1s used a
method based on the T-matrix approach to evaluate x T(1)0-al + a2)T(2)]-'[I + oa-a 2 + a,)
local fields not only at the tips but at any place on the
surface of the spheroids. X T(x1)a 2 - aj)]_R(-a2), (10)

b. Rotation of the T Matrix where a, and a2 are the distances from the origin to
the center of scatterers 1 and 2, respectively.

SFor the rotation of the T matrix, two coinciding The scattered field can be expressed in terms of the
coordinate systems are considered. With respect to incident field by using the T-matrix with the follow-
the origin of both systems, the Euler angles c., P, and ing relationship:
y are used to rotate one of the systems relative to the
other. 19 The rotation of the basis functions is accom- g. - Teo.
plished by transforming the spherical harmonics
under finite rotations. These transformation proper. Most of the results presented herein will be ex-
ties are given in the quantum mechanics literature pressed in terms of the total electric field given by
(e.g., Ref. 20).

Explicitly, if*,. ., and *.,,, are the vector spheri- et = eS + t0. (11)
cal functions in the rotated and nonrotated coordi- It is important to remember that the local fields can
nate systems, respectively, then one can write only be calculated by starting from a minimum

T " Dj•vo.t p(, Pj)i',q, circumscribing sphere around the scatterers to en-
-', sure convergence of the spherical wave expansions.

where the index n is invariant under rotations and With these two transformations, rotation and trans-
the rotation matrix D is a function of the Euler angles lation, it is then possible to consider clusters with
that define the relafive orientation of the two coordi- variables separation and arbitrary orientation of the
nate system.2a constituent metallic spheroids.

The incident and scattered electric fields in Eq. (2) 3. Discussion
are then expanded with respect to the two coordinate
systems. A relationship between the expansion coef- The quantities discussed here are the normalized
ficients for to and t. in the two systems can be local field intensities I E/E0lo 12 in the neighborhood of
established by using the orthogonality of the vector the clusters of two prolate spheroids. These have
spherical functions. Using the definition of the T been calculated by inserting the individual T matrices
matrix, we finally obtain of each spheroid, Eq. (8), into Eq. (10), thus yielding

the effective T matrix for the cluster as a function of
* T' - D- 1(a, , -y)TD(a, 0, -y), (9) interparticle distance. In the case of a different

where T' is the T matrix for the rotated coordinate orientation between the spheroids, their rotation hasr Tbeen taken into account by applying Eq. (9) andsystem. substituting the rotated T matrix into Eq. (10).

C. •tmens Finally, the total electric field vector has been calcu-
lated from Eq. (11), from which the enhancement ofThe T-matrix formalism has been extended to Y5'- the intensity of the field was obtained by taking the

tems with more than one scatterer by Peterson and square of the magnitude of that vector.
Str6m by using the -translation theorems for the To illustrate the general results from this type of
vector spherical functions.2s The translation proper- calculation, we use two identical prolate spheroids
ties of *. and Re *. are summarized by Ref. 22: with an aspect ratio a/b - 0.9 and a - 5 nm, where a

Re I',,(r + a) - R.,.()Re ,.(r), and b are the semiminor and semimajor axes of the
prolate spheroid, respectively. The formalism per-mits the treatment of spheroids of any eccentricity,

*.,,(r + a) - X• ,,,,,.(a)Re 'l',l(r), tat> Irl, but because of computational time and memory limi-
"r'A. tations only the described size is considered.

*,(r + a) - I R1,,,..(a)*,.,(r), jal < IrJ, Although the clusters of spheroids used here are in
,,', the long-wavelength regime, the calculations are elec-
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trodynamnic in nature because the formalism is devel- tion between them and the more multipolar terms are
oped from the vector Helmholtz Eq. (1); results can required in the calculs'on. As the interparticle
and have been obtained for other sizes and aspect distance decreases, the low-energy peak shifts more
ratios.1 4  rapidly toward the red than the high-energy peak.

The calculations were done by taking the direction This behavior is'related to higher multipolar terms,
of propagation of the incident wave front to be along, other than the dipolar, which become more important
the y axis. The polarization of the electric field is as the spheroidal constituents of the cluster approach
parallel to the direction of the interparticle distance, each other. As the interparticle distance diminishes,
which is the z axis. By testing other directions of the low-energy peak decreases rapidly in energy while
incidence and polarizations, we have determined that its intensity increases. The high-energy peak disap-
the latter orientation gives the highest scattered- pears when d - 3b, the decoupling distance, whereas
intensity enhancement (of the order of 103) for the the low-energy peak shifts to the resonant wave-
configuration of the clusters considered; we therefore length corresponding to the ioilated particle.
choose these as our working parameters. The calcu- The effect of rotation has been analyzed by rotating
lations of the electric field are performed as a function only one spheroid and by examining the local field at
of interparticle separation and relative orientation of opposite points on the exclusion sphere on the axis
the spheroids. that joins the centers of the particles, because for this

Two resonant peaks are exhibited by the spectra of case the cluster is asymmetric. The analysis is also
all the geometrical configurations considered. It is performed by rotating both spheroids, thus maintain-
worth noting that this behavior is due to the interpar- ing the mirror .symmetry of the cluster. In both
ticle multipolar interactions, because only one peak is cases the interparticle distance is held constant.
observed when the spheroids are sufficiently far apart Figures 2(a) and 2(b) show the behavior of the local
(when d, the interparticle distance, is of the order of field observed at the two previously indicated points
4b). on the x axis when only one spheroid is rotated.

The two resonant peaks experience a characteristic Figure 2(a) describes the field near the nonrotated
red shift as a function of decreasing distance between Figure a ) describes th at near the rotated
spheroids for all the clusters considered. This shift spheroid and Fig. 2(b) describes that near the rotatedrefect th ineratio amng he pheoid inthe spheroid. The difference between the two observa-
reflects the interaction amonge s theroids in the tion points is in the intensity of the local field,cluster, which becomes stronger as the distance be- whereas the position of the resonance peaks remainstween the centers of the particles decreases, thereby constant. This constance is to be expected because
resulting in maximum shift for touching spheroids. the resonant peaks are phenomena associated with
Figure I shows the calculated spectrum for the
cluster of two spheroids whose semimajor axes ae surface plasmons of the cluster that depend on the
aligned with the incident electric field. Because this configuration of the whole cluster and not on the
is the more elongated cluster, it exhibits the highest point of observation. Figure 3 shows the spectrum
enhancement shown in this paper (of the order of of the simultaneously rotated spheroids. The config-
103). The closer the spheroids the higher the interac- uration 0 = 900 coincides with the cluster of Fig. 1,

which exhibits the highest enhancement in this paper.
The rotation of the spheroids does not affect the
number of peaks observed in the spectrum, although
their energies are shifted toward the red as a function

1000 Ox p of increasing angle measured with respect to the y
axis. For this case the red shift of the peaks is also
attributed to the increase in interaction between the

W" spheroids, because for an isolated spheroid the shift
'I [in energy as a function of angle of rotation is negligi-

. ble for slightly eccentric spheroids. The maximum
enhancement is obtained in Figs. 2(a) and 2(b) when

o Ithe rotated spheroid is at an angle of 0 = 900. This
occurrence is reasonable because the semimajor axis
of the rotated spheroid is perpendicular to the polar-
ization of the incident electric field at 0 - 00 and is
parallel at 8 = 90*, thereby enhancing the field by its
geometry and directing the energy more efficiently
toward the other radiating spheroid. As we ex-

130 wavelength(nm) 500 pected, the largest red shift and enhancement occurs
Fig. 1. Intensity of the total electric field at the point of obeerve- in Fig. 3 where both spheroids are simultaneously
tion P as a function of wavelength for a cluster of aligned spheroids rotated.
with a/b - 0.9 and a - 5 nm for three interparticle distances The resonant wavelengths for the cases shown in
(d - 11.112 nm - 2b. touching spheroids, 11.612 nm, and 12.112 Figs. 1 and 3 have been studied as functions of
nm). The direction of the incident radiation is along they axis and interparticle distanced and orientation 0, respectively.
the polarization is parael to thex amd. Figures 4(a) and 4(b) display the behavior of the
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70 er function of wavelength for a cluster of simultaneously rotated
• [I sphorakde with alb - 0.9, a - 5 nm for different anone of rotation

'P" 4 0 -e= of the two spheroids. The directions of the incident radiation and
el the polarizaton WV as shown.

I@ U) the simple relationship X(8) - A + B sinNqO): For

"C= e.-301 Fig. 4(al, A In 376.7?nm andB - 47.8 nm; forFig. 5(a),
A In A 351.8nIandB= 7.2 nin.

,From Figs. 4(b) and 5(b), it appeas that the
_,__ _.9_ position of the peaks have an exponential behavior as

7- e [i\so• a function of increasing interparticle distance. A
•\ of thcurve fitting gives the functional relationship A(d) a

X-. + U exp-(d - do)/q]. For the case of the pow-

•/ • energy peak, K,'was taken to be the resonant wave-
Slength for the decoupled lAuster, i.e., the resonant

%30 so frequency of an isolated spheroid. Here or is the
wavelength(nA) difference between the resonant wavelength of the

SFig. 2. (a), (b) Intonty ofrthe total electriF field at the point P W a touching spheroids and the resonant wavelength with
functionofwavelengh fora erofsphero whalb - 0.9and no coupling and do is the touching distance 2b. The
a - 5 nm for difftrent gnglv of orientation of the sphehids with
respect to the v+ tipo(s. The directioF of the incident roate-

tion and the poai ain an ,,, shown. 4 3,0 ( a 460[ (b)

rlow-energy peaks as a function of orientation anwe

and of interporticle separation. Figures 5(a) andHv t5(b) provide this same analysis for the high-energy Eh
peak. A least-squares fit to the data was made for all i a t

four cases to determine the behavior of the red shifts wit
as a futc tion of interpartie separation and also as aflention of orientation. The spread of calculatedresnance waveangthc seaout the Fmooth curves is and

due to he fact that all resonant wavelengths analyzed

in Figs. 4 and 5 wre obtained from a spline interpola-
tion of the calculated cluster spectra. The uncer-
tainty introduced by this interpolation in determin- ,
ing the resonant wavelengths is of the order of ±t2 3700
11111•. 0 0 (degres) 10 d(2M) 24

In the cae of both the low- and high-energy peaks Ft. 4. Shif in the roonst wvent~h fr the f owenergy Pak
for the rotated spheroids, the shift toward the red u a function of (a) the rotation angle S of the simultaneously
shows a sinusoidal behavior, as is illustrated in Figs. rotated spheroids, and (b) interperticle separation d for the alilned
4(a) and 5(a). A least-squares fit of this data gives a apheroids. The soid curve reprements a least-equaes At to the
functional behavior for the shift that is governed by caiculated points.
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)and of increasing angle of rotation with respect to thes.~~~ ~ a° .i¢) I .,,ids. .4
The position of the higher-energy peak is less

sensitive to interparticle distance than the lower-
"energy one, and rotations are less effective in shifting

E E •the peaks than the separation of the spheroids.
C C Through a least-squares fit, we demonstrated that

4 the shifting of the low-energy peak obeys an exponen-
* tial relationship as a function of the varying interpar-

, ticle distance that decays to the value of an isolated
>'spheroid for values of d - 3b, whereas the red shift

obeys a sinusoidal relationship as a function of the
i *angle of rotation of the spheroids.

For -xperimental systems composed of a collection
of scatterers with a random distribution of interparti-

350 cle distances and orientations, these calculations will
o (degrees) 90 11.0 o .012.4 be important in predicting the estimated effective90.htnf 10 n p width of the observed resonances. The predicted

Fig. 5. Shift in the resonant wavelength for the himurar peuk width is expected to be greater than the ones shownas a function of (a) the rotation angle 6 of the simultaneously here because such a system will have contributions
rotated spheroids, and (b) interparticle-separation d for the aligned from clusters with a wide variety of interparticle
spheroids. The solid curve represents a least squares fit to the di stes iv e o rieti o u esti-
calculated points. distances and relative orientations. A rough esti-

mate suggests that the resonant peak of that system
should have a width of the same order as the differ-

only fitting parameter used is i1, which corresponds to ence between the resonant energy of the cluster of
a decay factor. For Fig. 4(b), W' = 361.5 rim, U = 94 touching spheroids and the resonant energy of a
nm, and the fitted parameter is ,q = 0.57 nm. For decoupled cluster.
the case of the high-energy peak it is also necessary to Recently some efforts have appeared in the litera-
fit X'; the resulting fitted curve for Fig. 5(b) yields ture that treat clusters of spheroids by using ellipsoi-
, = 350 nm, 8X = 13.6 nm, and -q - 0.32 nm. From dal harmonics,2 but to our knowledge only calcula-
the analysis it is evident that the low-energy peak tions restricted to the far zone have been performed.
suffers a considerably larger shift in wavelength than We do not expect that the use of ellipsoidal harmonics
the high-energy peak as a function of both angle and will simplify in any significant manner the calculation
interparticle distance. of the field in the near zone, because a cluster does not

The decoupling distance for the cases discussed have either spherical or ellipsoidal symmetry; there-
here occur at d = 3b. For all other cases studied by fore, we do not anticipate any advantage of one
us the decoupling distance has been found to be d = expansion over the other.
4b, which is twice the distance of touching spheroids. exas overth other.* This research was partially supported by the Na-
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The dependencies of the two carriers mobility-lifetime products on the position
of the Fermi level in a-Si:H
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In this presentation we report results obtained by the first combined application of the Metal Oxide
Semiconductor and the Photocarrier Grating configurations. This combination enabled the first
simultaneous study of the two carriers mobility-lifetime products and their light intensity exponents as
a function of the position of the Fermi level, in undoog a-Si:H. We found that anticorrelations and
correlations prevail between these two sets of quantities. The conclusion we derive from these
behaviors is that the "defect pool" model accounts for the phototransport data much better than any
other model.

1. INTRODUCTION phototransport properties as a function of
AEEs Ec(s)-EF, where Ec(s) is the energy of

One of the methods [1,2] used to determine the conduction band edge at the
the energetic location of the defect states in semiconductor-oxide interface. In particular we
hydrogenated amorphous s;':-,-n a-Si:H, is are able to present the first simultaneous results
finding the dependence of measureable of the dependencies of the light intensity
phototransport properties on the energy exponents on AE, and to show that these
separation between the conduction band edge dependencies on A'E5 yield a more convincing
in the bulk, Ec, and the equilibrium (or "dark") proof for the "defect pool" recombination-
Fermi level, EF. Predictions for the centers model than "quantitative" fits of the
dependencies of the two carriers mobility- theoretical predictions to the measured p-r
lifetime. ý.'r, products on AE = Ec - EF have products [4). Since the majority carriers in
been given recently by variofs researchers for undoped a-Si:H are the electrons we define
both, the "standard" [3,4] and the "defect pool" their light intensity exponent by the relation
[4), models of " an.dar 3,] the defctpo (o" u..r) G/'Y1 , where (p.vr), is the electrons p.r
proposed were for undoped a-Si:H. the product and G is the carriers generation rate.
experimental results were limited thus far to Correspondingly for the holes, we define the
data obtained on doped materials [2.4.5] in exponent S by the relation (wvr)jj-a G"2. The
which a different distribution of recombination main conclusion of the comparison of our
centers may exist [6.7]. In the present work we experimental data with the presently available
report the first determination of the above theoretical results is that the "defect pool" is the
dependencies, in undoped a-Si:H, applying a best description given thus far for the deep
combination of Metal-Oxide-Semiconductor recombination-level distribution in a-Si:H.
(MOS) and PhotoCarrier Grating (PCG) This conclusion applies for both undoped and
configurations. Previously either the MOS slightly doped (a fraction of a ppm) a-Si:H.
configuration [8] or the PCG configuration [9]
have been used for the study of phototransport 2. THEORETICAL BACKGROUND
parameters. The novel application of the
combined configuration enables a s Following the many data which indicate the
study of both the majority and minority carrier presence of three charged states of a dangling



bond [10], the presently accepted models of the case). We argue [13], by symmetry, that the
deep staies (iLe. the recombination centers) in same condition holds for the holes and the
a-Si:H do consider these -states [2-4]. negatively charged recombination centers (D-
Correspondinglj, the miost common model centers in our case) provided (as assumed in the
used for interpreting the various data is the "defect pool" model) that no correlation exists
simplest possible model which is based on the between the occupation of the two types of
presence of these states. In this model, known centers [4]. Hence, S will vary in a way similar
as the "standard" model [2-4] of a-Si:H, it is to -y, i.e. it will decrease from S = 1/4 to S = 0
assumed that there are D* and D* dangling with decreasing AE. We find then that the
bond centers, the common energy level of S * 0 observatioff is a signiature of a system
which lies below El, and the D- centers, the which has at least two occupation-independent
energy level of which lies above EF. The most levels. A more detailed discussion and the
significant feature of this model is the justification for considering recombination in
correlated occupation statistics [11] of these the deep states rather than in the band tail
states, i.e., that the occupations of the D" and states will be given elsewhere [13].
D° centers also determine the occupation of the
D- centers. Very recently a numerical study of 3. EXPERIMENTAL
the "standard" model [3] has shown that in
undoped a-Si:H, (Tr)e will increase with The MOS structure used in the present study
decreasing AE, while (p-r) will decrease with was almost the same as the one used previously
AE. It was further found 1•] that y decreases [8,14] for the study of the photoconductivity
from I to 1/2 with decreasing AE, while S is and its dependence on AE. in a-Si:H. Since
independent of AE having the value S = 0. this structure has been described and discussed
Qualitatively these results are the same as those before, its description will not be repeated here.
expected for a single recombination level in Let us mention onlv that our 1p.m-thick film of
general [12.13] and for parameters which are device-quality undoped a-Si:H has been
appropriate for a-Si:H in particular [2]. It is deposited [15] using rf glow discharge
important to note that the S-0 prediction is decomposition of silane. The new expenmental
independent of the particular parameters configuration which was used here was the
chosen for the above two models [13]. application of the PCG technique to the MOS

The more recently suggested model for a-Si:H structure. We should point out that the
is the so-called "defect poolamodel in which common PCG measurement [9] actually yields
one assumes three independent "sets" of levels, the ambipolar diffusion length L, from which
so that each set consists of a D*/D÷ level and a one derives (-r)h using the well known relation
D- level [6]. Thus far predictions based on this [15] between them ((W)h • L2 ). We can
model were made [4] for the AE dependencies determine then both (Qr)e and (p.Tr)h as a
of (Wr)e and (.ýr)h, but not for y and S. We function of AES.
argue however here that while -y will have
qualitatively the same AB dependence as in the 4. EXPERIMENTAL RESULTS AND
"standard" model, it is very likely that in the DISCUSSION
"defect pool" model S has a non-zero value
which decreases with AE. Basically. the Since the relation between the applied gate
argument is based on the very simple picture voltage ,VG, and AE has been discussed in the
[12] of the single recombination-center level, past [81 we can scale-VG, which is in the range
In this picture the variation of -y with increasing 6 .VG,- 6 V, with the band bending scale at the
AE is controlled by the charge neutrality surface, AE which is in the range
condition which is fulfilled by the fact that the 0.82-.AE ;W.5eV. We note that it is essentially
electron concentration is equal to the the forwsard bias (V >0) range which yields
concentration of the positively charged deep this variatioi, [8,13]. An independent
recombination centers [12] (D' centers in our experimental proof for the above VG-AEs

0 -
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scaling is derived from the fact that the qualitative agreement with the "standard"
presently found variation of y between 1 and model. These two behaviors indicate dearly
0.5 (see below) with the above variation of VG that the true situation is more complicated than
is in excellent agreement with the predictions the "standard" model ie. that there is at least a
made for this parameter in all the available partial occupation-independence of the
theories [1-3] and all the available experimental recombination levels involved (see below). We
results which either used doped materials [1,2] must note however that the agreement of the
(i.e. the y dependence on AE) or the MOS (wp)e/(hr)h value with the "defect pool" model
configuration [8,14] (i.e. the -y dependence on prediction is simply a consequence of the
AE,,). Now that we have set the AE = parameters chosen, as can be seen from the
scalý we can compare our results with tAe predictions for the "standard" model when
predictions of the "standard" [3,4] and the different parameters have been used [3].
"defect pool" [4] models. Hence, while the agreement with the "defect

-_--- pool" predictions is better, in view of the lack of
10- parameter-effect-analysis it is not too

(T)l. • onvincing. An important observation is the
" -- fact that the present results are almost identical

N.1-; ------ ... with the results obtained bv variation of AE by
-- - - doping [4,5,16]. This has three consequences.

IC ."- .........-- First, it lends further support to our AEs=AE
_lC-: .... o°scaling. Second, the slight doping necessary to

000 • • move EFfromE-0.8to E .5•eV does not
.,yield a consicferable c;age in the.4 0.6 0.8 .. 2 recombination level structure -n omparison

EC-EF (ev) with the undoped material, and third (which is
very important for the present experimental
approach) the "vicinity to the surface" nature of

Figure 1. The measured two carriers p-r the combined PCG-MOS configuration does
products as a function of AE. The results not effect the results.

* are compared with the predictions of Ref 4 for i.0
the "standard" model (dashed curves) and the L
"defect pool" model (full curve5).

0.80

> 0.6-
Our experimental results for the dependencies g0Aof (6L.r)e and (ýLT)h on AEs are shown in • o 04' = .

Figure. T. For comparison with the theoretical Q
predictions we also show the calculated results " 0.2- 7 00 S
for the above two models [4], for a defect .
concentration of 1015 cm"3. It is seen that the 0.0.6 0.8 1.0
measured dependence of ( er) on AE is in a Ec-E.r (eV)
much better agreement with lhe "deflct pool"
model than with the "standard" model Figure 2. The measured light intensity
predictions. By examining other "standard" exponent as a function of AEs.
model predictions [3] it appears that this
conclusion goes beyond the choice of the
parameters used in the calculations, since the In Figure. 2 we show the AES dependencies of
(Lr.) dependence on AE is much sharper for the light intensity exponents. The results for y
the ""efect pool" model. n the other hand we in Figure. 2 are in excellent agreement with
see that the dependence of (rLT)h is in better those of previous experimental [8,14] and
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theoretical [2,13] works on undoped a-Si.H, Grant No. EHR-9108775, and in part bv
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Study of the density of states in a-Si:H using the Si/electrolyte system
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Localized states in a-Si:H are studied by pulsed measurements on the a-Si:Hielectrolvte (S.,E)
system. The S/E interface is essentially blocking to current flow and, as a result, surface space-charge
layers, ranging from large depletion to very strong accumulation conditions, can be induced and
studied. Measurements in the depletion range under illumination yield directly the total density of
occupied states in the entire energy gap. This is useful in obtaining a quick and reliable assessment of
the quality of the amorphous films. In high-grade films we find that the total density of occupied states
is around 1018 cm-'. The data in theaccumulation range, on the other hand, provide useful
information on unoccupied states near the conduction band edge. The S/E system is utilized also to
apply a sweep-out technique for an accurate determination of iV.z", the product of the electron mobilitr
and lifetime, even when this value is very low.

handled by our measurement technique because
1. INTRODUCTION the surface space-charge capacitance cannot be

charged within the short-duration applied pulse
Consideraole effort has been devoted to biases. Accordingly, most of the results to be

derive the density of states spectra in a-Si:H reported here have been obtained under
films [1]. In this paper use is made for this illumination, for which the photo resistivity is
purpose of pulse measurements on the typically 1W ohm-cm or less. Our results in the
semiconductor/electrolyte (S/E) system. Such depletion range are in remarkably good
measurements, which proved to be very useful agreement with the theoretical curve that takes
in the study of crystalline semiconductors [2]. into account the presence of localized states.
have been found to be equally effective when The data thus yield directly the total density of
applied to a-Si:H films. The blocking nature of occupied states in the entire energy gap. This is
the S/E interface allows one to induce by an very useful in obtaining a quick and reliable
applied bias space-charge layers at the a-Si:H assessment of the quality of the amorphous
surface, ranging from large depletion to very films. In high-grade materials we find that the
strong accumulation conditions. In this total density of occupied states is around 10 18
manner. the entire energy gap in the space cm"3 . The results in the accumulation range, on
charge region. together with its localized states, the other hand, provide useful information on
can be swung below and above the Fermi level, the unoccupied states near the conduction-band
At the same time, one can measure the surface edge. Analysis of the data in this case. however,
space-charge density Qsc as a function of the is more difficult because surface states are
barrier height Vs. In a-Si:H. Qsc resides apparently also involved.
predominantly in the localized states (except in The blocking nature of the a-

* strong accumulation conditions), so that the Si:H/electrolvte interface is utilized also to apply
measurements yield, at least in principle, the a sweep-out technique for an accurate
energy d&stribution of the density of states. determination of I±'r, the product of the electron

High-grade, device-quality films are mobility and lifetime. The technique is effective
usually close to intrinsic (resistivity -1010 ohm- over a very wide range of L,'r. In a rather poor-
cm). Such high-resistivity films cannot be quality film, for example, we have measured a



j.r value as low as 5x10"8 cm2/V. charge, rather thaa QS_ is plotted against V
The dark and p oto resistance of each

2. EXPERIMENTAL sample (between the a-Si:Hlelectrolyte interface
and the n+ contact) was derived from current-

Device quality a-Si:H films were prepared voltage characteristics measured at the onset of
by rf glow-discharge decomposition of silane. the applied pulse, before the ;urface space-
First, a thin n+ layer was deposited on a charge capacitance can be charged through the
conducting glass substrate, followed by a 1 .,m sample's resistance (see below). In this manner.
thick intrinsic film. The n+ layer provides an the blocking interface is effectively shorted.
ohmic contact between the conducting glass
and the intrinsic film. The conducting glass was 3. RESULTS AND DISCUSSION
cut into squares of about 0.5 cm2 in area and a .
contact attached to the conducting glass. The E10 " o-Si:H #108, ILLUMINATE':7
wire lead, contact area and the entire sample ' n,=8x1O' 2 cm-,V,=-O.03 V -

were m asked by e.oxy cement, except for a z10 ,3 r =l0 Me=. N,09x lC" c13. c O .•

small area (- 2 mm ) of the film's surface to be VC
exposed to the electrolyte. The sample and a -
platinum electrode were immersed in an 610 ,

indifferent electrolyte such as Ca(NO 3)2 or ,
(NH 4),SO 4. The sample was illuminated 0 10 "
through the (transparent) electrolyte by a -2 1- = 5,sec. N,-8 x1O cm•" 1

mW He-Ne laser. The measurement technique 10 1--
has been described elsewhere [2], and will be 6'"- - ,
reviewed only briefly here. A short (0.1-40. O.LEM-N I,, ACUMULATION

;.Jsec) voltage pulse applied between the Pt and , 10 0-2.0 51'.5 -1.0 -3.5 C.; C.- 1.0

the sample is used to charge up the BMRIER HEIGi4T \, (V)
semiconductor space-charge capacitance. The Figure 1. Surface electron density Ns vs. barrier
voltage drop across these electrodes, measured height Vs in an illuminated sample of a-Si:H.
just after the termination of the pulse,
represents to a very good approximation the Typical results of N vs. V obtained for
chanie 8V5 in barrier height across the film's an illuminated a-Si.H sample from
space-charge layer induced by the applied pulse. measurements with a pulse of 3-p~tsec (squares)
The change 8Q c in space-charge density is and 30-psec (circles) duration, are displayed in
obtained from the voltage developed across a the semilog plot of Fig. 1. In the depletion
series capacitor, again at thetermination of the range (Vs '<0), the N values are negativc ano,
pulse. Pulses of varying amplitude are applied because of the logarithmic scale used, the plots
singly, one per data point taken. In this manner are those of their absolute magnitudes. The free
damage to the amorphous film is minimized, electron concentration under illumination nbl
We found that applying a large number of in the amorphous film has been derived from
pulses degrades the material. drastically the measured photoconductivity on the
reducing its resistivity and introducing large assumption that the electron mobility p. is 10
trap densities. cmr2/Vsec [3,41. The corresponding theoretical

The quiescent barrier height V is dependence of Ns on Vs, as obtained from a
determined quite accurately (to within 20 meV) solution of Poisson's equation in the absence of

* from measurements in the depletion range. localized states, is shown by the dashed curve.
The entire Qsc vs. Vs curve can then be The experimental points are seen to lie well
constructed, on the basis of the 5sc vs. V above this curve indicating, as expected for
data [2). In what follows the surface electron amorphous films, that the space-charge layer in
density Ns - Qsc/q, where q is the electronic both the depletion and accumulation ranges is
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dominated bv localized states. Note that V. is, however, the calculated curve crosses the

as expected, nearly zero since illumination tends experimental points and climbs above them.
to flatten the bands at the surface. This is not understood at present, and more

When a depletion layer is formed (by an work is in progress to account for such a
applied negative pulse), free and trapped behavior. Further studies are needed also to
electrons are expelled from the surface region, distinguish between surface and bulk states.
leaving behind the positively-charged localized
states that make up the immobile space-charge

49 in the depletion layer. In an unilluminated 'E - o-Si;H. uNos ILLUMINATION

sample only shallow states, down to 0.3-0.4 eV -" 10
below the conduction band edge, are able to #:
thermally emit their trapped electrons into the L 5.
conduction band within the measurement time
(the pulse duration) [2]. tUnder illumination, 0

0.* on the other hand, the situation is quite C

different. Hole-electron pairs are continuously 0.- 1 #
generated b3 the light. The electrons--are 2-

expelled from the surface region, while the fl__"_"_____o ____,___og __

holes are attracted to the surface where they can X U0 10 20 30 40 50 60

recombine with the trapped electrons. In t PULSE DURATION (hseC)

* manner electrons in occupied states throughout Figure 2. Expelled trap density vs. pulse
the energy gap can be discharged and expelled duration (measurement time) for three a-Si:H
from the space-charge layer, irrespective of the samples under illumination.
depth of the states. Referring to Fig. 1, we see
that for a measurement time of 3 ipsec (squares) " 3  ,...,...,
onlv a fraction of the trapped electrons are E 4o-Si:H #101 C.,

expelled, but when the pulse duration is 2--
extended to 30 plsec (circles), practically all -=a 2/
occupied states in the depletion layer are
discharged and expelled (see below). The solid z : \ ,
curves, passing in each case thiough the points, 4 UCGT DARK

were calculated from Poisson's equation for the 5 :
case in which localized states of densities Nt (as L ,
marked) are present. The agreement between 3

theory and experiment is seen -to be remarkably _

good, adding considerable confidence to our 4-' ' '-' - o '
analysis. The total density of occupied states in APPUED PULSE VOLTAGE (V)

the entire energy gap, as derived from the data Figure 3. Dark and photo conductivity of
for the 30 p.sec measurement time is about a degraded a-Si:H sample vs. applied voltage
101 8 =c3, which is the expected value for the pulse. Solid curve in the negatiie pulse range
films studied. represents eq. (3) for Lar = 5 x 10"8 cm 2/V.

When accumulation layers are formed,
unoccupied states are filled up. Here again, the The expelled trap density under depletion
experimental points are seen to be initially well conditions, as derived from measurements such

0 above the dashed curve calculated for the case as those shown in Fig. 1, is plotted in Fig. 2
of no localized states present, indicating that against pulse du--,ion. The lower two curves
localized states dominate the space charge layer were obtained fo- Th-grade a-Si:H films, while
in this range as well. Surface states are probably the upper curve , obtained after a film has
also involved. At stronger accumulation, been degraded by the application of many

0 =



4

voltage pulses. In all cases, the expelled trap N=No/(1+RrE/d)+
density increases with pulse duration, but tends Noexp[-(l/Tr+•E/d)t]/(1+d/W'rE). (2)
to saturate at a pulse duration of 30.40 te Now d/pLE is the electron transit time through
We interpret the saturation level as
representing the total density of occupied states the film and is typically 10 sec for an applied
in the energ gap. We are in the process of voltage of I V. The measurement is taken

about 1 psec following the pulse onset, so thatdeveloping a model involving the hole trapping the second term in eq. (2) can be neglected to a

kinetics in order to account for the shape of the ve good aprmain eq. (2) in
experimental curve. very good approximation. Re-writing eq. (2) in

exphentalcrve, andphterms of the photoconductivity ca = qýLN/d weThe dark and photoconductivity of a then have

degraded a-Si:H sample vs. applied pulse

voltage is displayed in Fig. 3 on a semilog plot. Cr = (O /i(1 + .L'TV/d 2). (3)
The measurements were taken at the onset of The solid curve fitted to the photoconductivirvthe pulse, before the space-charge Tesldcrefte otepooodcii>
cthe apulse, befor the sface-ncharge data at negative voltages in Fig. 3 is a plot of eq.• ~~~~capacitance at the a-Si:H interface can charge (3 rp, =51"cmV.heftwhte

up. For positive pulses (electrolyte positive with (3) for PT = 5x1O- cm2 N. The fit with the

respect to the n-+- contact), the conductivity in experimental points is seen to be very good.

both the dark and under illumination is seen to The rather low value Of l,'r is reasonable 6r the

increase with applied voltage. This is due to degraded sample used in the measurement. The

electron injection from the n+ laver. In the method can be applied effectively even if p.i' is
• an order of magnitude lower. It should be

negative polarity, the dark conductivity is norer omat nitude lowert s be
0 independent of voltage, as it should. The noted that l± in this context is the trap-

photoconductivity, on the other hand, is seen to controlled mobility 14].

decrease with pulse amplitude, approaching the ACKNOWLEDGMENT.
dark conductivity at large negative voltages. We
attribute this behavior to electron sweep- out by The authors are indebted to Dr. A.
the applied fields, as shown by the following Catalano for providing the a-Si:H samples.
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case of a blocking contact can be written as:
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ABSTRACT

A comparative study of the deposition temperature (T,) dependence of the mobility-lifetime

(;ai) products of the charge carriers in glow-discharge and if sputter-deposited a-Si:H is
described and discussed. The T.-dependence of the py and the majority carrier light-intensity
exponents of the two types of films are strikingly similar. These observations then lead to the
conclusion that the structure of the recombination levels and the recombination processes are in
accord with the "defect pool" model, in contrast to previous suggestions. The differences
between the two types of films thus appear to be limited to the concentrations of dangling
bonds.

INTRODUCTION

Various techniques for depositing a-Si:H have been studied over the years, some of
which were claimed to yield higher quality films than others [1]. The glow discharge (GD)
decomposition of silane has been exhaustively investigated, and most of the applications
employ this deposition method [2]. The study of films deposited by other techniques was
usually limited to the description of their measurable properties and the compansion of these
properties with those of undoped "device-quality" GD films [3]. All of the theoretical
progress, devoted to the understanding of the electronic structure of a-Si:H, was achieved by
comparing the theoretical predictions with the experimental results on GD films [4-9]. The
question of whether the photobunsport data on material produced differently indicate different
electronic structures, transport mechanisms, or recombination processes has been addressed
only rarely. One such study of the phototransport data associated with the majority carriers in
GD and rf sputtered (RFS) was reported by Jousse et al. [10], who monitored the effects of
boron doping on the phototransport parameters. They concluded that in RFS materials the
recombination process is controlled only by the valence bandtail, but in GD films the
recombination involves a defect center with either a single or two positively correlated energy

* states. This paper rewamnes these conclusions in view of new phototransport data and the
recent thretical developments [6,9] in understanding the behavior of the minority carrier
phototransport properties in GD device-quaiity material [6-9]. RFS films were of course
extensively studied [11], and in contrast to GD deposition, enable a T,-independent control of
hydrogen incorporation.

The results on two st of samples, a GD and an RFS deposited set are described in this
paper. The variable deposition parameter used to obtain sequential films with continuously
varying properties in both sets was TL. Indeed. this parameter has been employed extensively
for numerous rurpos, e.g., in finding correlations between various structural [13] and/or
electronic properties [3]. This parameter was conspicuous in establishing the relation between
the deep states density and the width of the valence handtail in OD a-Si:H [14]. In addition, it

S-. is probably the most convenient variable deposition parameter, and its effect on the films is
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concepually very clear and uncontested A higher T. enhances the Uordere and demsity of the
distorted tetrnthedral network on the one hand [13] and the effusion of thie hy,&-age on the
other hand [14]. Since the former process improves the translxt and the passivation of the
dangling bands while the latter mireases their density, it is not surprising that the charge caier

Slifetimes peak around T. z 250C. However, the details of the dynamical processes and their
dependence on the subst temperatue are obviously complex. For example, the relative
roles of T, in hydrogen diffusion [17] and incporation [18] are still unsewtle& Similarly, its

* direct effect on the network relaxation and indirect effect on the relaxation via hydrogen
effusion [19] are also not well understood. This paper, which is devoted.to photoransport
data, makes no attempt to correlate the data with the structural properties of the materials since
the transport properties of semiconductors are very sensitive to small variations in the structural
and compositional details of the material. Hence, a very comprehensive study will be needed
in order to discuss that colrdaticoi. However, the basic nature of the recombination mechanism
does not have to depend on those details. This basic mechanism is the subject of this paper.

EXPERIM2rrL PROCEDURE

The GD films that were deposited at Solarex [21] at 2506C and at a typical deposition rate
of 4 A/s onto Corning 7059 #lass substrates were -5000 A thick. The RFS films prepared at
the Ames Laboratory (22] were deposited by sputtering a 6" diameter polycrystalline Si target
located -1.5" above the heated substrate at 13.56 MZ and an rf power of 400 W. The partial
pressures of the Ar and H2 gises were 10 and 1 mt, resjp. The thickness and deposition rates
of the films ranged from 0.8 to 1.5 um and 1.5 to 2.9 A/s, resp. The contacts were coplanar

0 NiCr or Au contacts separated by 0.4 nun. While the optoelectronic properties of GD films
barely change upon annealing at 250C [16], those of the RFS samples, which were annealed
at that temperatmr in air for 2 h, indeed improved.

The phototranspor properties were studied by the photocarrier grating (PCG) technique
[23-25] using a H:-Ne laser, i.e., with illumination that can be considered to be "uniformly"
absorbed in the films. The results were obtained under ambipolar conditions [24] so the

*. minority carrier (hole) mobility-lifetime product (irr)h could be derived directly from the
measured ambipolar diffusion length L via the relation

( =nh = (q/2kT)L2. (1)

The majority carrier (electron) (vr), product was derived direcly from the measured photocon-
ductivity acp and the relation

(/•)o = o1W(qG) (2)

where 0, the photogeneration rate of electron-hole pairn, was determined by assuming unit
quanum efriciency of generation by the absorbed photons. As mentioned above, however, the
most significant parameten for interpretation of the data are the so-called light intensity
exponents [26], defined by the relations

*(j).0 0f-I (3)

S(W' 0 &-33; (4)

The )m rew'!1s shown below were obtained at 10 mW/cmw illumination, and the exponents
* were derived from the behavior in the 0.8 - 10 rW/cm2 range. The analysis of these data was

described in previous reports [20,23].
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conceptually very clear and uncontested: A higher T. enhances the "order/ and density of the
distorted tetrahedral network on the one hand (13] and the effusion of the hydrogen on the
other hand [14]. Since the former process improves the transport and the passivation of the
dangling bonds while the latter increases their density, it is not surprising that the charge carier
lifetimes peak around T5, :, 250C. However, the details of the dynamical processes and their
dependence on the substrate temperature are obviously complex. For example, the relative
roles of T. in hydrogen diffusion [17] and incorporation [18] are still unsettled. Similarly, its
direct effect on the network relaxation and indirect effect on the relaxation via hydrogen
effusion [19] are also not well understood. This paper, which is devoted to phototransport
data, makes no attempt to correlate the data with the structural properties of the materials since
the transport properties of semiconductor arm very sensitive to small variations in the structural
and compositional details of the material. Hence. a very comprehensive study will be needed
in order to discuss that correlation. However, the basic nature of the recombination mechanism
does not have to depend on those details. This basic mechanism is the subject of this paper.

EXPERIMENTAL PROCEDURE

The GD films that were deposited at Solarex [21] at 2506C and at a typical deposition rate
of 4 A/s onto Corning 7059 glass substrates were -5000 A thick. The RFS films prepared at
the Ames Laboratory (22] were deposited by sputtering a 6" diameter polycrystalline Si target
located -1.5" above the heated substrate at 13.56 MHz and an rf power of 400 W. The partial
pressures of the Ar and H2 gases were 10 end 1 m, resp. The thickness and deposition rates
of the films ranged from 0.8 to 1.5 um and 1.5 to 2.9 A/s, resp. The contacts were coplanar
NiCr or Au contacts separated by 0.4 mm. While the optoelectronic properties of GD films
barely change upon annealing at 250'C [163, those of the RFS samples, which were annealed
at that temperatare in air for 2 h, indeed improved.

The phototransport properties were studied by the phorocarrier grating (PCG) technique
[23-25) using a He-Ne laser, i.e., with illumination that can be considered to be "uniformly"
absorbed in the films. The results were obtained under ambipolar conditions [24] so the
minority carrier (hole) mobility-lifetime product (y'r)h could be derived directly from the
measured ambipolar diffusion length L via the relation

(01)h = (q/2)L 2. (1)

The majority carrinr (electron) (]rv), product was derived directly from the measured photocon-
ductivity oph and the relation

(I'T)e = ox./(qG) (2)

where G, the photogeneration raze of electron-hole pairs, was determined by assuming unit
quantum efficiency of generation by the absorbed photons. As mentioned above, however, the
most significant parameters for interpretation of the data are the so-called light intensity
exponents [26], defined by the relations

*n)v 0 G1- (3)

(h 0 2S (4)

The #x results shown below were obtained at 10 mW/cm2 illumination, and the exponents
--- were derived from the behavior in the 0.8 - 10 mW/cm2 range. The analysis of these data was

described in previous reports [20,23].
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RESULTS

Figure 1(a) displays the well-known behavior of (jTr). in GD a-Si:H [10,14]. It
increases significantly with increasing To up to -200"C, and decreases considerably at T, z

300"C. The behavior of (y% is similar (Figure l(b)), but it decreases at To x 350C. The

behavior of y (Figure 1(c)) appears to be correlated with (a)c in some ranges of T, but anti-
correlated to it in other ranges of the deposition temperature. On the other hand, the behavior

of S (Figure 1(d)) appears to be anticorrelated with (p/)t over the entire range of Tr

Due to their poor photoconductivity, (P')h of the as-deposited RFS films could not be

measured by the PCO technique. Although op, improved after annealing, it was still
insufficient to enable the determination of S (Eq. (4)), which required attenuated illumination.

Figure 2(a) displays the dependence of (J'z)e on To; it is strikingly similar to the dependence in

GD films (Fig. l(a)). On the other hand, the p-ak of (Pr)h vs To is much narrower peak in the

RFS samples than in the GD films. The behavior of y (Figure 2(c)) is interesting. A priori the
behavior of the annealed films appears to be anticorrelated with that of the unannealed.

However, comparison with y(T.) of the OD films (Fig. 1(c)) indicates that all of the T.-

dependences can be matched by appropriate displacements along the Ts axis. This approach is
adopted in analysing and interpreting the restilts.

DISCUSSION AND CONCLUSIONS

As mentioned above, the general qualitative dependence of )a on To is well understood:
At low To, two factors are responsible for the high defect concentration and consequent short
lifetime of both types of charge carriers: (i) H diffusion during deposition is too slow to
passivate many of the dangling bonds and (ii) the bandtails are broad, due to the unrelaxed
network, which yields shallower recombination centers [14]. At high To, hdyrogen effusion
increases the density of dangling bonds [14,15] and may also lower the network order (19]
which is improved by its incorporation. These effects are confirmed by various measurements
(14], notably the constant photocurrent method (CPM) [3]. Hence, the results on the GD films
shown in Figs. 1(a) and 1(b) can be understood simply within this picture. The detailed

behavior of (pT),, at L80s T, & 300C can be attributed to the competition between the

competing processes. This may also explain the variations in the (Y), behavior in films
deposited under different conditions [3].

While the )a behavior cannot disclose more specific information on the basic recombina-

tion mechanism, the light intensity exponents y and S (as shown for photoconductors in gener-

* al [26] and for a-Sj:H in particular (9,20]) can. Turning to the former, we see that y x 0.9.

'The Rose model" of bendtail recombination [26] does not allow y > 1, and suggests that the
characteristic width of the expcmtca conduction bandtail is given by

0 E = lyi(1 - y)]kIT. (5)

If recombination occurs only in the bandtail states 1 X g z 0.9 implies that Eo z 0.2 eV. This
width is far larger than any previous, more direct estimate of F. (a 25 meV). Indeed,
application of the "Rose model" [26] for a-Si:H led to the conclusion that the recombination
occurs not in a bandtisl but in a deep localized sm [7]. Another interpretation of the the Rose

* • model was suggested for the recombinatmion dominating the minority carriers (holes) [28]. In
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this cue the model yields
EY, = [(I- 2S)/2S]kT. (6)

Unlike the cas of 2A, tde values shown In PI& 1(d) art not in sharp contmst with our bnow-
ledg of -,o [3]. For example, for S = 0.15 we get 40 = ()7/3ki at room temp•ertur
However, this model is still inappprl- since S dacmuses (i., Eo increses).as Ts
increases from 200 to 300T, while CPM data clearly indicate a narrowins valence bandtail
[3,14]. The ineusing Ef also sharply con•uts with t above picm of enhanced network* a.•1r-thIgherT,
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The foregoing discussion leads to an interpretation in terms of deep recombination centers
which, in a-Si:H, must consist of various dangling bonds. The simple single recombination

level model is easily ruled out in the range y > 1, since these values require at least two levels,
the occupation of which is a priori uncorrelated [26]. For y < I the results shown in Fig. 1(c)
can indeed be interpreted as due to a single level. However. Fig. 1(d) rules this out since a
single level system was shown to yield S = 0 [9]. For a-Si:H it is reasonable to consider the
correlated occupancy or "standard" model of dangling bonds [5,7,10] which assumes a singly
(DO) or unoccupied (D+) level lying below the Fermi level F, and a doubly occupied (D-) level
above EF. The correlated occupancy of these levels was recently argued to yield the same

* behavior as a single recombination level [9]. Indeed, the "standard" model [5] yields S = 0 for
this picture as well. In summary, while Figs. 1(a) - 1(c) are consistent with the "standard"
model, Fig. 1(d) is not. Thus, another independently occupied level must be added to account
for all of the results. One possibility is to add such a level to the "standard" model. Calcula-
tions which essentially consider the valence bandtail states as another recombination center
indeed yielded positive values of S in accordance with Fig. 1(d) [7,8]. Yet these calculations
yield S > 0 only when y > 1 [8]. in contrast to the data shown in Fig. 1(c) in the most
interesting range of T. namely 200 s T, < 300C.

In contrast to the above models, the recent "defect pool" model of essentially uncorrdated
dangling bond bands, where a D> band lies below a D band which Lies below a D+ band [5], -As

consistent with all of the data shown in Figs. 1(a) - 1(d). The uncorrelated nature of the bands
enable S * 0 values, while their number and energetic order relieve the correlation between y >
1 and S > 0. Indeed, for the light intensities used in this work the values of y = 0.95 and S =
0.18 are to be expected from this model [6]. Therefore, the S > 0 values exclude the earlier
model [10] for GD material and show that the the "defect pool" model is to date the simplest
which can account for all of the phototransport data.

The annealed RFS films (Fig. 2) exhibit close similarities with the GD samples (Fig. 1).
In particular, the two-peak behavior of Figs. 1(a) and 2(a) indicates a similar electronic
structure and recombination mechanism for electrons in the two types of a-Si:H. It is futher
interesting that the as-deposited (yr)e values of the low-T, films are much lower than the values
of the annealed or GD samples. On the other hand, the (JP), values of all the high-T, samples
are close. This implies that for sufficiently high T,, but lower than that yielding poor photo-
transport properties, the H content and network disorder are independent of the initial deposi-
tion process.

The behavior of (cr)h in the RFS films is similar to that in the GD films around the peak
at T. = 250"C, but that peak is much narrower in the RFS samples (Figs. 1(b) and 2(b)). If
(jn)h is controlled mainly by the D- centers, then the results indicate that their content is more
dependent on the deposition method than the density of the electron traps, which are

* presumably the DO and D+ centers. The similar behavior of (;q). suggests that the y values of
the annealed RFS films (Fig. 2(c)) are essentially the same as those of the GD films (Fig. 1(c))
if the curves awe shifted to match the y > I regions in the two types of samples. The y > 1 value
of the RFS f'dm at TA = 150'C again rules out the bandtail-only [10], the single recombination
level, or the "standard" model without bandrails. For y < 1 the data are inconsistent with the
"bandtail only" model (see above) but consistent with all of the other models in which the
approach of E: to the dominant recombination level (say. the DO) will decrease (YTr)e and
increase (y)h and y. However, the striking similarity of the T,-dependence of (Orq), and y in
the annealed RFS and GD films strongly suggests thar the "defect pool" model is applicable to

S. the annealed RFS films as well. In particular, the decreasing y(T,) from y > 1 and its detailed
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behavior provide strong evidence for the similarity of the recombjazion processes in the two
types of aterials.

In conclusion, the T.-dependence of the pholotransport parameters of glow-discharge
(GD) a-Si:H indicated the presence of at least two significant occupation-independent
recombination levels. The results are consistent with the "defect pool" model. The closely
similar behavior of the majority carrier phototransport parameters of GD and annealed rf
sputter-deposited (RFS) films suggest similar recombination processes. The differences are
apparently due to higher dangling bond contents as well as different relative Aensities of the
various types of dangling bonds in the RFS films.
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EXCITING FREQUENCY-DEPENDENT RAMAN SCATTERING
IN a-Si3..C,:H ALLOYS*, Gerardo Morell, R.S. Katiyar, S.Z.Weisz,
Deparment of Physics , University of Puerto Rico,San Juan, PR,
00931, USA; and Isaac Balberg, The Racah Institute of Phi.sics,
The Hebrew University, Jerusalem 91904, Israel

We have measured the Raman spectra of a-Si,..C.:H alloys using
three different frequencies of energies: 2.71,2 .41, and 2.i4 eV. These

alloys are characterized by their Tauc optical gap, that falls between
1.8 And 2.4 eV. As more carbonnis incorporated into the a-Si:H matrix
the width of the Si-Si TO band as well as the TA/TO band intensities
ratio decrease indicating an increased order in the network. However,
the degree of ordering in all samples is inhomogeneous. The surface
layer is more disordered than the bulk, as can be concluded from the
changes in the spectra of any given sample as a function of exciting
energy. Spectra taken with the 2.14 eV line shows a systematically
higher TO mode frequency of about 5 cm" and a smaller width of
about 10 cmt than the ones measured with the 2.41 or 2.71 eV lines.
Hydrogen dilution during the growth process is seen to have a limited
effect on improving the degree of ordering in the alloys. Also, an
intensity enhancement is observed in some samples that can be
explained as a resonance effect.
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Infrared and Raman Studies on a-Ge,.,Sn.:H Thin Films

E. Ching-Prado, P.S. Katiyar, W. Mufioz, 0. Resto, and S.Z.Weisz
Department of Physics, University of Puerto Rico

Rio Piedras, P.R. 00931 USA

Abstract

Infrared and Raman measurements were carried out on a-Ge,.xSn.,:H thin films grown on

Si substrates. The hydrogen concentration is found to decrease with increasing tin content.

Preferential formation of monohy.,ryde groups (GeH) is observed with increasing Sn

concentration. Tin dependence of the GeH and GeH, stretching modes are explained due to the

lower electronegativity of Sn in comparison to that of Ge. The study reveals that the stability-

ratio electronegativity of germanium must be revised or its value should be smaller than 3.59 for

the a-Ge:H system. Also, the GeH wagging and GeH, roll modes show that there is a large bond

ang•e variation with increasing Sn concentration. Additionally, the changes in the frequency,

width and intensity of the Ge-Ge(TO) like phonon, clearly indicate that the structural disorder

increases with increasing tin content. Auger electron microprobe and Raman study with different

excitation laser lines show differences near the surface in comparison to the bulk, which is

produced by the partial segregation of tin atoms, formation of Sn-clusters in the surface, and

reduction of the germanium concentration near the surface, as well as preferential attachment of

hydrogen to Ge than to Sn.


