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The barrier heights, 4,8, of Scbottky barriers formed betweenAl, Ni,
Cr, Pd, Au, Rh, and Pt metal films and undoped discharge-produced
amorphoussilicon (a—Si) have been measured. The dependenceof

4’B
on the metal work function, 4,M’ has been characterized for values
of 4~between -4.0 and 5.5 eV. Experiments were performed to compare
the effects of surface states on 4,~of both the undoped (n—type)
amorphousand n—type single crystal Si. These effects of surface
states are very similar, indicating similar densities and energy
distributions of surface states. The densities of surface states
on a—Si are found to be ~lOl3cnr2eV1 which result in the pinning
of 4’B to values ~0.7 eV even with 4,!.~as low as 4.0 eV.

Recently metal—amorphoussilicon (a—Si) in determining 4’B of metal single crystal Si
Schottky barrier structures exhibiting nearly barriers and their density can be estimated from
ideal diode characteristics have been reported the dependenceof 4,8 on 4,~which is given by7
by Wronski, Carlson, and Daniel.1 Such junc-
tions formed by the evaporation of thin metal ‘I>B = C

14~+ C2 (1)
films onto discharge—produceda—Si have been
utilized in fabricating efficient solar cells

2 In Eq.(1) C
1 cj/(cj+qôD~) where DS is the den—

and in evaluating the electronic properties of sity of surface states (cm
2eVl), ~ is the

a—Si.3 The Schottky barriers can be character— thickness and ~ is the dielectric constant of
ized in terms of the same parameters as those any insulating film present at the interface;
on single crystals and their barrier heights and C2 is related to density of surface states,
can be independently determinedby I—V, capaci— their energy distribution, and the position of
tance, and photovoltaic measurements.3Although the Fermi level at the surface prior to the
extensive measurementshave been carried out on formation of the metal—semiconductorcontact.
a—Si in recent years,4 the nature of evaporated It can be seen that when there are no surface
metal contacts has received little attention states present, D

5 — 0, so that C1 1 and any
even though such contacts have been extensively change in

4B is directly proportional to any
used in electrical measurements, change in 4,M.

We report here on studies carried out on In order to evaluate the effects of sur—
metal/a—Si Schottky barriers formed with metals face states °~ ~B it is necessaryto be sure
having a wide range of work functions (—4.0 to that the nascent oxide at the interface is thin
5.5 eV). The metals used were evaporatedonto enough to allow the use of the aboveanalysis
both n—type a—Si and single crystal Si so that and also that the barrier height measurements
by measuring the various metal barrier heights are accurate. Little is kno~iabout the oxida—
the effects of surface states on a—Si could be tion of a—Si in terms of the thickness and
directly comparedto thoseof single crystal Si. properties of the oxide films that are formed
Such information about surface states is highly on it upon exposure to air. However, deductions
desirable since they play an important role in can be made about the thickness of the oxide
the interpretation of results obtained with at a metal—semiconductorinterface from I—V and
insulator/a—Si junctions.5 The results reported capacitance—voltage(C—V) characteristics of
here indicate surface state densities which are the junction.8
close to those found from previous studies on The separation of charge at the interface
single crystal Si.6 results in a potential drop acrossthe insulat—

In metal—semiconductorjunctions the barrier ing film, Vi, and the semiconductor, V
0, which

height, ~B’ dependson the electron affinity of is given by
the semiconductor, X, the metal work function 4’M,
and the semiconductor surface states. These sur— $B V0 + V~+ Ef + kT/q (2)
face states are found to play an important role

*Researth reported was preparedfor the Division of Solar Energy of the
U. S. Energy Researchand DevelopmentAdministration under Contract
No. E(04—3)—1286, and RCA Laboratories, Princeton, New Jersey.
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where kT/q is 26 mV at 300 IC and Ef is the dis— consisted of —300 A thick phosphorus—dopeda—Si
tance of the Fermi level from the conduction on stainless steel forming ohmic or low resis—
band in the bulk of the semiconductor. The tance contacts to the undoped a—Si. The n—type
potential drop V~dependson the thickness, d, Si wafers were 1—3 1~-cm,had a (111) orienta—
of the insulator, the electric field at the semi— tion and Al contacts sintered at -400°C. Just
conductor surface, and ~he charge in the surface prior to the evaporation of the semitransparent
states. For $ ~ 10—20 A, Vi is smaller than kT/q, metal films both the a—Si films and single
and the barrier characteristics becomealmost in— crystal Si were etched in buffered HF after prior
distinguishable from thosepredicted for ideal chemical cleaning. Arrays of metal dots, having
metal—semiconductorcontacts. areas from 5x10—

3 to 2x102 cm2 were evaporated
The I—V characteristics of such junctions onto both the a—Si and crystalline Si substrates.

follow the relation for forward bias current To take into account any changesthat occur
densities, J, as a function of voltage,V,given betweendifferent evaporations of the same metal
by: as well as differences betweendifferent a—Si

~ V samples, the different metals were evaporated
J — J

0 [exp(~ ~ ) — 1] (3) onto sections of the same a—Si substrate as
well as other a—Si f~1,lms. The Schottky barrier

where J0 is the saturation current density and heights and their dependenceon the metal work
n is the diode quality factor which in the ab— function were determinedusing I—V capacitance
sence of recombination in the junction is very and photovoltaic characteristics

3 on both a—Si
close to unity. The saturation current density and single crystal diodes.
is given by The I—V and C—V characteristics of both the

a—Si and single crystal Si Schottky barriers were
= B exp(— ~-) (4) in agreementwith Eqs..(3) to (6). There was also

good agreementbetween the values of V
0 obtained

where B is given by the diffusion theory of by means of capacitanceand far forward bias
metal semiconductorrectification in the caseof measurements. In Fig. 1 is shown the exponential
a-Si and Richardson’s equation in the caseof behavior, predicted by Eq.(3) that was obtained
single crystal Si. In far forward bias, where with Cr, Pd, Rh, and Pt Schottky barriers on
currents become limited by the resistance in a—Si. Also shown in the inset are the far for—
series with the barrier the expression for J
becomes

9
(V—Va) ( tO I / ~

Rs / °

where, in presence of an ohmic or low resistance / a / /
contact, R

5 is the resistance per unit area due -~ ~ /1~ 0

to the bulk resistivity of the semiconductor. 0 / / /
The C—V characteristics obtained with a small Cr/ / /
signal ac capacitancemeasurementsof the
barrier region as a function of dc bias are
given by: 106 Pd

1 81r (V—V0 — kT/q)

N (6) Rh

where c is the dielectric constant and N is the -~ -

spacecharge density in the barrier. Pt
Insulating films at the interface, which

result in significant values of Vi an which
limit the charge transport betweenthe semi— 0-8

conductor and metal, result in values of n -

significantly larger than unity
8 and lead to 6 2

1/c2 vs V plots which result in intercepts Cr V

0 0 25V

much greater than V0 — kT/q.
1-O In such cases ~- Pt vo~O5CV/ ~

also disagreement is expected between these I0~ ~

values and those obtained from the extrapolated / /
far forward bias currents. In the absenceof b Cr/ / ~
such discrepancies an upper limit of —20 A can 2 ~ 4

be placed on the effective thickness of a t~-’° f ç/

nascent oxide and Eq.(1) can be used to deter— C ~

mine the effect of surface states on 4,8. 0 04 08 12

The Schottky barriers were formed on tin— V VOLTS,

doped (n—type) a—Si and n—type single
crystal Si by vacuum evaporation of Al, Ni, Cr, ~ 0 02 03 04 05 06

Pd, Au, Rh, and Pt metal films. These films V (VOLTS)

were evaporatedat a residual pressureof _10—6
Torr onto both kinds of silicon at room tempera-
ture. The a—Si structures usedwere similar to 1. Forward bias current—voltage characteris—
those reported earlier,1 consisting of undoped tics for Cr, Pd, Rh, and Pt Schottky
a—Si films, —1 urn thick. The undopeda—Si was barriers on a—Si. Inset shows the series
deposited from a dc discharge in silane onto resistance limit for the Cr and Pt diodes.
substrates at —320—350°C. These substrates



Vol. 23, No. 7 METAL — AMORPHOUS SILICON SCHOTTICY BARRIERS 423

ward bias currents for the Cr and Pt barriers obtained from the temperature dependenceof the
formed on two different a—Si samples. The junction photovoltaic characteristics.

11
exponential region yields values of n between 1 The barrier heights, •g, measuredfor the
and 1.2, values which were also obtained on the different metal Schottky barriers on a—Si and
single crystal diodes • It is evident from single crystal Si are plotted as a function of
Fig. 1 that the saturation current density, J the metal work function 4,~,jin Fig. 3. In Fig. 3
(and the barrier height 4,8) dependon the metal, the form of Eq.(l) is indicated through the
The far forward bias results shown in the inset experimental points together with the dependence
for Cr and Pt indicate from Eq.(5) a built—in of the single crystal +B on in the absenceof
potential of 0.25 and 0.5 V, respectively. The any surface state effects. Since there are large
series resistance8of these two diodes are discrepancies the values quoted for the work
equal to within a factor of two, even though fumctio~sof metals12no errors in 4)~. are indi—
they were formed on two different a—Si samples, cated; however, the effect of metal work func—
and corres~ondto a—Si resistivities of 7x106 tions on the two types of diodes can be directly
and 1.3x10’ 0—cm. compared. Although there is scatter in the data

The samevalues of V
0 are obtained from the results obtained with single crystal Si are

capacitancemeasurementsas a function of bias similar to those reported in reference 6. Even
carried out at ac frequencies of 100 ~. This though the a—Si barriers are consistently high—
is shown for the Cr and Pt diodes in Fig. 2. er than those on single crystal Si there is a

very similar trend in their dependenceon 4,~.j.
Substituting the values of C1, indicated in

___________________________________ Fig. 3, into Eq.(1) the densities of surface

,~ (A) CrV0•O.25V
~ (8) Pt v00.5V N’6-7xlO’

5cm~ _____________________________________
I I I I

N
I a- /IL. o a-Si +B°O-28d’M°44a.

(.2 -
a 08 — o n-Si •~=O.2S~~-0.55
‘2 4 05I-

“I

I I I I I +e(eV)0
+.6 +.4 ~2 0 -.2 —.4 —.6 ~s

V (VOLTS)

2. The 1/C2 vs V plots for the Cr, Pt diodes
whose I—V characteristics are shown in -0.4
Fig. 1. Also indicated in the figure are
the values of V

0 and the spacecharge ________________________________________
densities in the barrier regions. 0.8o 2 3 4 5 6

~ (eV)

The good agreementbetween the values of V0
(for the samemetals) obtained from the two
measurementsindicates a thin insulating 3. The plot of 4,8 for the a—Si and single
nascent oxide, and the differences between the crystal Si Schottky barriers vs metal work
values of V0 for the different metals reflect function 4,)~. Also indicated in the figure
the changesin

4,B arising from the metal work are the values of Cl and CT from Eq.(1)
function. In addition to the above characteris— and the dependenceof the single crystal
tics, measurementsof the short—circuit currents 4,B in the absenceof surface state effects.
and the open—circuit voltages as functions of
illumination were in agreementwith the usual
diode equation and gave the samevalues of J

0 states affecting the barrier heights are 3x10
13

as the dark I—V measurements. cm—2eV1 for ~5 5 A and lxlOl3cn—2eV’ for iS
The barrier heights can be determinedus— 15 A (for ~i equal to that of Si0

2). The
ing Eq.(4) as well as Eq.(2) providing Ef is values of C2 reflect the differences in barrier
known. The values of B usedin Eq.(4) for these heights on a-Si and single crystal Si and are
a—Si films were 3x10

6 A/cm2 1 and 2xl07 A/cm2 related to the differences in the bandgap,
for the single crystal Si. The values of Ef electron affinity, and the position of the Fermi
used in Eq.(2) for the a—Si, obtained from the level at the surface prior to the formation of
temperature dependenceof the series resistance the metal contact. Becauseof the errors in the
between 0°C and 100°C,were from 0.55 to 0.6 eV. data, C

2 cannot accurately be extrapolated. How—
The single crystal values of Ef were estimated ever, from the experimentally obtained values of
from the resistivity of the wafers. Agreement C1 and C2 a rough estimate can be made for the
within -0.05 eV was obtained for the values of position of the Fermi level at the surface prior

on a—Si using the two independentmeasurements to the formation of the metal contact.
6 using

and even better agreementwas obtained with the the crystalline silicon value for the electron
single crystal Si. Furthermore, these a—Si affinity, this position is —1.0 eV from the a—Si
values of ~B are in good agreementwith values conduction band. This is in the neighborhood of

two—thirds of the bandgap, the same fraction
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estimated for crystalline Si.
6 2. D. E. Carlson, C. R. Wromski, A. R. Triano,

Although there are certain assumptionsmade and R. E. Daniel, Proceedings of the 12th
regarding the dependenceof ‘PB on pfp6 they Photovoltaic Specialists Conference,
apply to both types of Si. Consequently, the Baton Rouge,Louisiana, November 15—18,
results presentedreflect densities and energy 1976.- (to be published)
distributions of surface states for both
crystalline and amorphoussilicon. These states 3. C. R. Wronaki, D. E. Carlson, R. E. Daniel,
in the case of a-Si can of course depend on the and A. R. Triano, Technical Digest,
method of its fabrication. However, for the IEEE International Electron Devices Meeting,
densities of 10’3cm2eV1, just as in the case Washington, D.C., December6—8, l976,p.75.
of single crystal Si, their effect cannot be
entirely ignored in the interpretation of Junc— 4. See, for example, N. F. Mott and E. A.
tion characteristics • In metal/thick insulator/ Davis, Electronic Processesin Nomcrystalline
a—Si structures the effect due to a charged sur— Materials (Clarendon Press, Oxford, England,
face state density of 1013cm—2is equivalent to 1971).
a bulk a—Si space charge density of lOl8cm—3 ex-
tending over a thickness of 1000 A. Furthermore, 5• A. Madam, P. G. LeComber, and V. E. Spear,
the pinning of the barrier height by these sur— Journal of Noncrystalline Solids ~Q, 239
face states results in junctions having barrier (1976).
heights hO.7 eV on n—type discharge produced
a—Si even with low work function metals such as 6. A. M. Cowley and S. M. Sze, Journal of
Al and Cr. Consequently, unless techniques Applied Physics~, 3212 (1965).
similar to those used in crystalline semiconduc-
tors are employed, ohmic contacts cannot be 7. S. M. Sze, Physics of Semiconductor Devices
readily achieved in a—Si just by evaporation of (Wiley—Interscience, New York, 1963).
low work function metals.
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