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BARRIER-HEIGHT AND HOT ELECTRON ATTENUATION

LENGTH MEASUREMENTS IN Au—Si, Ag—Si AND Al—Si
-DIODES BETWEEN 280—350 K

By
B. PELLEY, J. KISPETER?, J. PEISZNERS

( Received October 31, 1983)

Schottky barrier diodes were prepared in chemically cleaned, 0.1 ohm.cm, n-type Si by eva-
porating Au, Ag and Al layers, respectively at ~5.10~8 mbar. Barrier heights of these diodes have
been determined by standard /— ¥V, C— ¥V and photoemission threshold measurements at various
temperatures between 280—350 K. The same tendency has been observed using the different methods;
a slow decrease of barrier height with temperature (~ —4.10-¢eV/K). Special care was taken to
determine the correct value of photoemission yield. Photoemission measurements proved to be the
most reliable method to determine the barrier height but no significant discrepancies were observed
in the results obtained by the photoemnssnon I—V and C- ¥V methods.

Attenuation length L of hot electrons in Au, Ag and Al has been determined from measurement
of the photoemission yield for various metallic layer thicknesses'at different temperatures between
280—350 K. For Au layers an empmcal relation of 792 L(T)=const seems to be correct for 280—
350 K.

1. Introduction

Metal-semiconductor contacts are of immense importance in-contemporary
electronic devices. Recently some interest has been shown in the use of metal-semi-
conductor barriers realized on Si for detection of infrared radiation and conversion
of solar energy. This latter application suggested us to investigate the behaviour of
Schottky barriers at temperatures above room temperature until 350 K.

Several authors have determined the electronic barrier height on different metal-
silicon contacts by means of standard /—V, C—V and photoemission threshold
measurements [1, 3, 6, 7, 9, 10] and the hot electron attenuation length in metallic
films [2—S5, 8] at temperatures ranging between 80—300 K. However, no results have
been reported at temperatures below the liquid nitrogen temperature and above room
temperature.

1 Universite des Sciences et de la Technologie d’Oran (Algeria).
2 College of Food Industry, Szeged, (Hungary) .
3 Institut National Politechnique de Grenoble (France).
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2. Experimental

The silicon wafers used in our experiments were of 0.1 ohm.cm, n-type
(Np~7-10"%cm~3), (111) oriented. They were etched in HNO,—HF (20:1) mix-
ture, then immersed in cc. HNQ, for a short time, rinsed in deionized H,O and dried
in H, flow. Oxide was removed from the bottom side with cc. HF, then the wafers
were rinsed and dried again. Contacts were made by evaporating Al film then the
wafers were tempered at 673 K in the vacuum system. For barrier preparation the
front side of the wafers was rinsed in cc. HF to turn the surface into hydrophobic
just before inserting the wafers into the vacuum system. Thin Au, Ag, or Al films
were evaporated from W-boat through a stainless-steel mask having circular holes
with diameters of 2 mm or 0.7 mm, respectively, at a pressure of 5-1078 mbar. Film
thickness was monitored during deposition by a quartz crystal microbalance calibrated
previously by Talystep and interference microscope.

For each evaporation process both a 10X20 mm?2 Si wafer and a 1020 mm?
fused silica plate were inserted to measure optical transm1551on reflectivity and
resistivity of the deposned metallic layers.

During I—V, C—V and photoemission yield measurements at various tempera-
tures (from 280 to 350 K) the slices were placed onto a gold plated vacuum thermo-
chuck. Its temperature was regulated by a Temptronic electronic temperature control-
ler. For the measurements a P.A.R. point probe assembly was used equipped with
an X—Y-—Z micromanipulator. The vacuum thermochuck and the point probe
assembly with the manipulator were inserted into a measuring box with removable
cover, in which an optical window of Infrasil quality fused silica was mounted for
photoemission measurements. For voltage supply a highly isolated voltage source
was provided with 1.2 V Hg—Cd batteries and 10 turn precision Helipot potentio-
meters.

For I—V measurements the applied voltage was monitored by a Keithley Mod
191 digital voltmeter and the current was measured by a Keithley Mod 616 digital
electrometer (Fig. 1.). The C—V characteristics were measured by a P.A.R Mod
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Fig. 1. Electrical circuit for I—V characteristics measurements
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410 hf C—V plotter assembly operating at 1 kHz and were recorded by a SEFRAM
TGM 164 x—y recorder (Fig. 2.).

Measuring circuitry and optical arrangement used for photoemission yield
measurements are shown in detail in Fig. 3.
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Fig. 2. Electrical circuit for C— ¥V characteristics measurements
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Since the photocurrents generated were relatively small (10-'2—10-8A). and
thermoemission currents are in the range of 107°—108 A at room temperature even
at slight reverse bias (—0.5 V) applied for photoemission measurements, a.c. locking
technique was used instead of a.c. measurements with electrometer. Light was chop-
ped by a P.A.R Mod 192 chopper at 239 Hz and the photocurrents were detected
with P.A.R. Mod 5101 lock-in amplifier equipped with a P.A.R. Mod 181 current
sensitive preamplifier. Currents ranging between 1072 to 108 A could easily be
detected by this assembly.

As a light source 450 W Xe arc lamp was used which was followed by a Zeiss
MM3 double prism monochromator to select wavelengths. The chopped mono-
chromatic light was focused onto the sample by a concave reflecting mirror and a
fused silica lens. A part of the light was reflected onto the surface of a PbS detector.
Photocurrent and incident photon flux could be measured at the same time by this
assembly calibrated previously, so the photoresponse could be determined directly
as a function of wavelength (or photon energy).

3. Experimental results

Barrier height determination

Schottky barrier heights were determined in three ways:

a) “forward current /—V method”: by plotting the logarithm of the forward
current density versus applied bias, the barrier height was found from the inter-
cept of the extrapolated current density curve on the current density axis.

b) “C—V method”: by plotting the reciprocal of the square of the differential capa-
citance C~2 versus applied reverse bias, barrier height was found from the inter-
cept on the voltage axis.

¢) “photoresponse measurement’ : by plotting the square root of the photoelectric
response (yield) Y'/2 as a function of photon energy (Fowler-plot), the barrier
height was found from the intercept of the extrapolated photoresponse curve on
the photon energy axis.

Barrier height determination from I—V characteristics
For semiconductors with low doping concentration (Np; N,<10Y cm~—3)

the I—V characteristics in forward direction between 280—350 K with V=3 kT/q
can be given as

~900) o (£4211))

— Akk T2
I=4 Texp[ 5T ~kT

1)

where I is the current density, A** is the effective Richardson-constant, q®g, is the
zero field asymptotic barrier height, A® is the Schottky barrier lowering, V is the
applied bias. qdg, was’ determmed by plottmg the I—V characteristics, with / in
logarithmic scale.
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The extrapolated value of current density 17 . ] i
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Fig. 4. Forward current-voltage

Figs. 4, 5 and 6 represent our experimental /—V
curves obtained at various temperatures between 280—350 K for nSi (111)—Au, #Si
(111)—Al and nSi(111)—Ag diodes fabricated with chemically cleaned Si-surfaces.
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Barrier heights of n type Si (111) — metallic layer diodes with Np =710 cm ~2
from I — V measurements at various temperatures

Temperature Au—Si Al—Si Ag—Si
) qPg, 1Py, %5,
(eV) eV) (V)
280 0.78 0.74 0.72
300 0.77 0.74 0.72
(0.81)[13) (0.73) [14) (0.72) [15])
320 0.76 0.73 0.71
350 0.75 0.72 0.70

The ideality factor n was between 1.01—1.03. However, since no characteristic
variation was observed in the nature of the diodes with temperature, »=0.01 as a
permanent value was accépted throughout the evaluation of the real barrier height.

The values of the barrier height g®g, are listed in Table 7 for the diodes at diffe-
rent temperatures.

Barrier height determination from C—V characteristics

Barrier heights have also been determined by capacitance measurements with
applied voltage.

The C~2—V plots obtained exhibit excellent linearity. From the intercept V;
on the voltage axis the barrier height g®g, was found using the relation

‘ qPp, = q¥; +qV, +kT, ©®
where gV, is the distance between Fermi-level and the conduction band edge in bulk
Si:
qV, = E.—Ep = kTln Ne D
Np

This expression was calculated for 280, 300, 320, 350 and 370 K, respectively with
Np=7-10%cm™3,

Values of gy, and kT are listed in Table IL.

The temperature dependence of the C—2—V¥ characteristics for Si—Au diodes
is presented in Fig. 7.

The C~2—V characteristics of Si—Au, Si—Al and Si—Ag diodes at room
temperature are plotted in Fig. 8.

Finally the C—V relationship of a chemically cleaned (“real barrier””) Ag—Si
interface is compared in Fig. 9 to that of an “intimate barrier’” Ag—Si diode prepared
in ultra high vacuum (UHV) with a clean Si surface.

The barrier height values obtained from C—V measurements are shown in
Table III.
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Table 11

* (prepared by vacuum deposition of Ag on clean
Si surface at 5- 1071° mbar)

Properties of the n type Si samples with Np=7-10"® cm~2

Temperature Ny qv, qV ,+kT
(K) (cm~3) (V) V)
280 2.52-10"* 0.141 0.165
300 2.80-10% 0.156 0.182
320 3.08-10 0.170 0.198
350 3.53.10t® 0.187 0.217
370 3.84.10t 0.202 0.234
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Table 111

Barrier heights of n type Si (Np=7-10* cm~3) from C — V measurements
at various temperatures

nSi—Ag
nSi—~Au nSi—Al qPg,
Tcmpe(l;:;urc g, 9Pz, (V)
V) V) “REAL “INTIMATE
BARRIER” BARRIER”
280 0.80 — — —_
300 0.80 0.73 0.76 0.73
320 0.78 — — —
350 0.77 0.70 0.72 —_—
370 0.75 — — —

Barrier height determination from photoemission yield measurements

By definition, quantum yield Y is the ratio of the number of photoelectrons an
that of the absorbed photons: '

Lu(w)/q |
ATk ®

where I, is the measured photocurrent, Av is the energy of a photon of frequency v,
W, is the absorbed energy.

Since the absolute values of the yield are not necessary to know, the knowledge
of the relative W,(hv) function is sufficient. As a result Y(hv) is presented in arbitrary
units in Figs. 10—12.. . _. o

In several papers Y is calculated on the incident radiation power basis only. This

gives obviously incorrect results, as

Y () =

30 I reflection, transmission and absorp-
nSi-Au (20 nm) // / tion of light by metallic layers
N /yf:f depend on the layel.' thickness and on
e :’) o3 4 the wavelength of light.

Lol S8R S This fact was always taken into

s S ooC S . . B
S igdg 2 /_/.//-{/ consideration throughout this work
& [gssS j?'//} with rigorous calculation of the
g 12289 _//:_/;/ air-metal-silicon optical layer sys-
gyl 77 .350 K tem. Reflection R(d, 1), transmis-
N / ; / "320K sion T(d, 2) and absorption A(d, 2)
Q . //4 280K were either directly measured or
¥ \ U i calculated from optical constants
ol 52/ I l found in the literature. In our

07 08 09 . 10 photoemission experiments mono-
PHOTON  ENERGY  feV) — chromatic light was focused onto

Fig. 10. Photoemission yield-photon energy (‘‘Fowler tlﬁe {(r.letal side of the diodes but
plots®) on nSi(111)—Au barriers at 280, 300, checking measurements were .also
320 and 350 K performed with light transmitted
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Fig. 11. “Fowler-plots” of nSi(111)—Al diodes
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through the silicon towards the
metal layer. The fact that no signi-
ficant deviation was observed for
results obtained by the different
ways of illumination, verified that
the “optical model” used was cor-
rect. For metallic layers of thickness
d=50nm, W,~{l—R(d)}W; is a
good approximation for yield cal-
culations, where W, is the incident
energy.

Fig. 10 shows the ‘“‘Fowler
plots” (Y*/2 persus hv) between 280—
350 K for nSi—Au diodes at various
temperatures.

For nSi—Al and nSi—Ag diodes
the Fowler plots are shown in Fig. 11
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Table IV

Barrier heights of nSi—Au, nSi—Al and nSi—Ag diodes at various temperatures
from photoemission threshold analysis

320 and 350 K

Temperature nS—Au nSi—Al nSi—Ag
(Ii) 4%sn aPgn P
(V) V) 18%)
280 0.76 0.74 0.73
300 0.75 0.74 0.72
320 0.75 0.73 0.72
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and Fig. 12, respectively, at 280, 300, 320, and 350 K temperatures measured by a.c.
technique with light chopped at 239 Hz. Table IV shows the barrier height data
obtained from photoemission threshold analysis for nSi—Au, nSi-——Al, and nSi—Ag
diodes at various temperatures.

Calculation of the attenuation length of hot electrons
in metallic layers from thickness dependence of the photoemission yield

The range (or attenuation length) L(#v) of hot electrons is defined as follows:
When monochromatic light of energy hv is incident upon the surface of the metallic
layer of thickness d, it can be found both experimentally and theoretically that the
number of electrons escaping over the metal-semiconductor barrier at the opposite

side of the layer is proportional to exp{—ﬁim}-L(hv) can be determined from

the thickness dependence of the external photoemission yield. When d=>30 nm, the
penetration depth of light is relatively small comparing to thickness, and L(hv) can
be determined by comparing photoemission yields obtained for thicknesses d, and d,
respectively:

dz —d, ’
Y(hv,dy) ®)
Y (hv, d,)
if dy=>d, - Y(hv, d}) is the ratio of the number of emitted electrons and absorbed pho-
.tons of energy Av by the layer of thickness d;.
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Fig. 13 shows the photoemission yield of nSi—Au diodes with various layer .
thickness (20, 42, 53, 71, 86 and 96 nm) measured at room temperature.
The photoemission yield for nSi—Al diodes is presented in Fig. 14 for various
layer thicknesses (25, 45, 75 and 105 nm) at 300 K.
- Fig.. 15 shows the photoemission- yield for nSi—Ag diodes with various layer

thicknesses (20, 38, 55, 67, and 98 nm) at 300 K.

The graphical determination of L{Av) is shown in Fig. 16 at 300 K, for the results
plotted in Fig. 14. The same procedure was used to determine graphically the attenua-
tion length L(Av) for nSi—Al diodes and nSi—Ag diodes at 300 K.

Attenuation length L(hv) in metallic layers from photoemission measurements for

Table V

nSi—Au, nSi—Al and nSi—Ag diodes at various temperatures

: Range of hot electrons L(hv) [nm)
Tem(plz;aturé Au Al Ag
09ev | 1.0ev | 08ev | 09ev | 10ev 08ev | o09ev 1.0eV
280 " 39.0 37.2 56.6 51.9 50.2 26.4 25.1 24.5
300 38.4 36.6 55.8 51.0 49.4 25.8 24.7 24.1
320 37.9 36.1 55.0 50.2 48.6 25.0 24.3 23.8
350 37.0 353 . 49.5 47.6 24.7 23.7 23.3
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Thickness dependence of the photoemission yield was also measured at 280, 320
and 350 K for nSi—Au, nSi—Ag and nSi—Al diodes. Results of these measurements
and attenuation lengths L(Av) for nSi—Au, nSi—Ag, and nSi—Al diodes are assem-
blied in Table V giving the temperature dependence of L{(hv) for Au, Ag and Al layers.

4. Discussion

Photoemission threshold measurements have been accepted as the most reliable
and direct method of determining Schottky-barrier heights. By the use of lock-in
detection method, leakage effects caused by tunneling and thermal excitation can be
eliminated [9, 11]. A rigorous calculation of the power absorbed by the thin films
proved to also be necessary.

Using photoemission, the knowledge of the diode area is not necessary in oppo-
sition to the current-voltage (I/— V) method. The discrepancy obtained between the
results of the photoemission and /—V methods can be due to the presence of tunnel-
ing current for higher temperature and that of generation — recombination currents
for lower temperature [7] and the choice of the effective Richardson — constant 4**.
However, no significant discrepancy was observed in the experiments which can be
explained by the fact that for the relatively high temperature range (280—350 K)
thermoemission proves to be the determinant component of the observed current.

Precision of capacitance-voltage (C— V) measurements can be considered quite
good for “intimate barriers” prepared in UHV and by sophisticated cleaning tech-
nique [10] but seemed to be inferior in precision comparing to the photoemission
and even to the 7—V method in our experiments when diodes were prepared with
chemically cleaned Si-surfaces and an intermediate very thin dielectric layer was
‘always present between the metal layer and the semiconductor.

Comparing the barrier height values collected in Tables I, II, and IV, it can be
observed that the barrier heights determined by /— ¥ and C— V methods are 0.02 and
0.04 eV respectively larger than those obtained by the photoemission method. How-
“ever, the results concerning the temperature dependence of barrier height were con-
sistent; /—V, C—V¥ and photoemission experiments show the same tendency, i.e.
q¢Bo*
AT
=—4.10"*eV/K isin good agreement with the similar slopes of —3.2-10"%eV/K
and —3-4.107*eV/K obtained by photoemission measurements and reported in
[9] and [11], respectively. : :

The values obtained for attenuation length L(/v) of hot electrons for Au are in
good agreement with those published in [4, 5] but are smaller than those given in [3].

This discrepancy is obviously due to the fact that in [3] the optical absorption,
transmission and reflection values were obtained for Au layers deposited on glass
substrates: however in the present work and in [4, 5, 8] Au layers were prepared on
Si.

The experimentally determined attenuation length L can be expressed by

.decreasing barrier height values with increasing temperature. The slope

1 1 1
-7t

ee Ieph

(10



BARRIER—HEIGHT AND HOT ELECTRON ATTENUATION LENGTH MEASUREMENTS 51

if Si is moderately doped, where /,, is the mean free path of electron-electron scatter-
ing and /,,,;, is the mean free path of electron-lattice (electron-phonon) interaction.
I, is independent of temperature but /,,, shows strong temperature dependence,

and it is proportional to —11: above ~20 K. In the temperature range of 280—350 K

an empirical relation of T%#L(T)=const seems to be correct for Au layers.

* k¥
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List of symbols

A: absorption coefficient

AX*: Richardson constant (amp cm 2 K %)
C: differential capacitance (F)

d: layer thickness (cm)

E,: energy level of conduction band (eV)
Eg: Fermi level (eV)

hv: photon energy (eV)

I: current density (amp cm~2)

o photoelectric current (amp)

1,: saturation current (amp)

k: Boltzmann’s constant (joule/K)

L: attenuation length (range/cm)

N,: acceptor concentration (cm~3)

Np: donor concentration (cm~3)

q: charge of electron (coul)

qV,: distance between Fermi-level and conduction band (eV)

qPp,: zero field asymptotic barrier height (eV)
qPgn: Schottky barrier height on n-type semiconductor (eV)
: reflection coefficient

T absolute temperature (K)
T transmission coefficient
V: bias voltage (V)
w,: absorbed energy (eV)
w,: incident energy (eV)
Y: photoelectric response (yield)
Agp: Schottky barrier lowering (V)
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MU3MEPEHUE BLICOTbI BAPBEPA U 3ATYXAIOUWEIO INYTHU I'OPAYEIO
QJIEKTPOHA HA TUOJAX Au—Si, Ag—Si U Al—Si B TEMIIEPATYPHOM
UHTEPBAJIE 280—350 K

B. eane, H. Kuunemep, A. Meiicnen

Hsrorasnasamice ortkn Gapeepasie nroasl ¢ acnaperneM Au—, Ag— # Al-bIx cioes Ha
XMMHYecKd oumiienHoM Si tuna (1) ¢ nposomumoctbio 0,1 oM.cM npu naeneHuu S5-10~8 mbap.
BricoTa 6aprepa IUOIOB OMpeAessiach CTAHAAPTHBIM MeToaoM I—V, C—V 1 METOOOM H3MEpEHAs
($oTOIMHUCCHORAOTO Mopora-B TeMaepaTypHoM uHTepeane 280—350 K.

Pa3HbiMA METOAaMHA H3MEPEHHS ONpenessinack OJMHAKOBas TeHaeHUWsA. Bricora Gapbepa c
TIOBBIINEHUEM TEMIIEPATYPbI HECKOIbKO yMeHbIIaeTcs (—4 - 1074 3B/K). Ocoboe BHUMAaHHUE yaeANA
ONpENEIEHHIO TOYHOTO 3HAYECHHA (HOTOIMHCCHOHHOH 3()peKTHBHOCTH. ®OTOIMUCCHOHHLIE H3IMeE-
peHUs ABAANKMCH HAMTYYIIAM METONOM ONpEAeseHHs BRICOTHI Gaphepa, OTHAKO, MEXOY pe3yibTa-
TaMH MONYYEHHBIMH HOTO3IMHACCHOHHEBIM MeTOmAMH |—V, C—V HeT 3HaYWTENbHBIX PACXOXKIEHHIH.
3aryxarouHii myTh rOpAYKX 3NeKTPOHOB L B cepeOpsiHOM ¥ aniOMHHMEBOM MaTepuainax Ompeaess-
JICAl B3 PE3YJIbTATOB U3MEPEHUH HOTOIMIUCCHOHHOM 3OGEKTHBHOCTH MPH Pa3HBIX TOALIMHAX METAJI-
JNIMYECKHX CiI0eB B TemmepaTypHoM uHTepBane 280—350 K. Ilpy HCnoOmb30BaHMHM 30T0THIX CIIOEB
B TemrepatypHoM wuutepsalie 280—350 K ycranoBuid ciienyroulyro (GyHKIHOHANBHYIO 3aBHCH-
mocts: TO®.L(T)= const.



