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ABSTRACT

PtSi/Si/SiGe/Si Schottky diode infrared detectors with extended and tunable cut-off wavelengths have
been fabricated. Cut-off wavelengths depend on the SiGe composition and extend up to 10 um for SigGe,,.
The cut-off wavelengths are also tunable by reverse bias. The tunability is due to the SiGe/Si offset serving
as an additional potential barrier behind the Schottky barrier that can be varied in energy by a reverse bias.
The sensitivity and range of the tunability is controlled by the SiGe thickness and composition. Cut-off
wavelengths tunable from 4 um at zero volts to 10 xm at 3 volts have been obtained. Quantum efficiency
values are normal for operation at the long-wavelength end, but reduced over the rest of tunable range,
because of the greater distance from the PtSi to the SiGe/Si offset.

1. INTRODUCTION

PtSi/Si Schottky diode detectors are currently in use for infrared imaging at wavelengths below six
pm.? This cut-off wavelength is defined by the PtSi/p-Si Schottky barrier height (SBH) of ~0.22 eV. For
Si-based infrared detectors at longer wavelengths (10-12 xm), several devices have been proposed and are
under various stages of development, such as IrSi/Si Schottky diodes**s (SBH ~0.12 eV), SiGe/Si
heterojunction internal photoemission (HIP) detectors,™* SiGe/Si quantum well infrared photodetectors
(QWIPs),” 12 and doping-spike PtSi/Si detectors." Recently, silicide/SiGe Schottky diodes with extended
cut-off wavelengths were demonstrated'. The diodes were made by reacting Pt with a Si capping layer
grown on the SiGe. If the deposited Pt layer is slightly thinner than the Si capping layer, Pt-SiGe reactions,
which have been found to result in diodes with higher barrier heights, " are avoided. This results, however,
in thin layer of unconsumed Si between the PtSi and the SiGe, so that diodes made in this way are more
accurately referred to as silicide/Si/SiGe diodes. The unconsumed Si layer forms a thin potential barrier
that carriers can tunnel through, lowering the effective Schottky barrier height. In this paper, we report
our results on extended cut-off wavelength PtSi/Si/SiGe infrared detectors, and propose and demonstrate
silicide/SiGe/Si Schottky diode detectors with voltage-tunable cut-off wavelengths.
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2. EXPERIMENTAL DETAILS

The p-type (boron-doped) SiGe structures were grown by rapid-thermal chemical vapor deposition
(RTCVD), in a system that has been described previously.!® The SiGe layers were capped with Si, and a
layer of graded Ge concentration was grown between the SiGe and the Si. The Pt depositions were done
by electron beam evaporation in a load-locked ultra-high vacuum system. The wafers were RCA-cleaned,
which slightly reduces the Si cap thickness and was accounted for in selecting the metal layer thickness.
Before deposition, the Si surface was hydrogen-terminated by dipping in aquaeous HF solution. The wafers
were held at 350 C during deposition and the silicides were formed by annealing in-situ for one hour.
For control, silicide/Si diodes were processed and deposited at the same time on boron doped Si substrates
(10-15 ohm-cm). Some samples were processed with guard ring structures in the Si below the SiGe.
Absolute photoresponse measurements were made with a Perkin-Elmer single-pass monochromator and a
SiC globar at 1000 C as the infrared source. The input radiation was chopped at 139 Hz and the
photoresponse measured by lock-in amplifier. Measurements were made at a temperature of 40 K or lower,
and at various reverse bias voltages.
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Figure 1: Fowler plots of a series of PtSi/Si/SiGe/Si Figure 2: Fowler plot of a PtSi/Si/SiGe/Si diode with 20%
diodes of varying Ge concentration. Barrier heights Ge. The Schottky barrier height of 124 meV corresponds
are quoted in meV, and the C, values are in %/eV. to a cut-off wavelength of 10 pm.

3. EXTENDED CUT-OFF WAVELENGTHS

Figures 1 and 2 are Fowler plots of PtSi/Si/SiGe diodes of varying Ge concentration. It can be
observed that the extrapolated barrier heights decrease with increasing Ge concentration. This corresponds
to an increase in the cut-off wavelengths of the diodes, a significant enhancement of PtSi detector
technology. The barrier heights correspond to cut-off wavelengths of 6.8, 7.2, 7.9, and 10 um, for 5, 10,
15, and 20 percent Ge, respectively. The basic principle behind such extended-wavelength devices is that
the higher valence band energy of SiGe, compared to Si, results in a lower effective barrier for photoexcited
holes to surmount. This is illustrated in Figure 3. For diodes made by the reaction of Pt with a Si capping
layer, the holes do not "see" the higher PtSi/Si barrier height, but instead tunnel through the barrier formed
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by the thin layer of unconsumed Si. Modeling of this tunneling shows that the barrier height extracted in
the usual way from photoresponse is always reduced, relative to the PtSi/Si barrier height, by an amount
that is less than the SiGe/Si band offset, depending on the Si thickness. In the presence of a tunneling
barrier, the equations for internal photoemission are modified to be!

(hv-¢.)
)2 )

Y - Cl(l-fm)(hv o) lem(hv by W > ¢, @
hv hv

where C, is the emission coefficient in the normal Fowler equation, hv is the photon energy, ¢, is the
PtSi/Si Schottky barrier height, ¢,, is ¢,-AE, , where AE, is the SiGe/Si valence band offset, and T,,, is an
average tunneling probability for excited carriers with energies between ¢, and ¢, . The equations predict
a change in the slope of the Fowler plot at the PtSi/Si barrier height, which is intuitively expected. The
slope below this energy is less than the slope above this energy by an amount that depends on the thickness
of the unconsumed Si layer. The effect is small on an energy scale but significant in terms of wavelengths.
Figure 4 is a magnified Fowler plot of a PtSi/Si/SiGe diode showing this effect. It can be observed that
the barrier height, determined by the energy intercept, will always fall between ¢, and ¢ = ¢,-AE, .

0.4 T T T T T 7
1.0 T T T
1 . 0.5v //
5 [15 i C1=.041/eV .
0.8 C.B- o D 3 il T ove= 0.225 / ,_I |
1 :-_... * P «=.201 oV 4 P
0.6 | =~ P og=.147aV '/./ :
3: ? dsi=8A -/ 1/
FEal | E o2} /¥ |
5 Q 7 2 0av
S 02} : = 7,/ ci=.029/ev |
PtSi Bi SiGe u " Tave=0.209
0.0 Z o} 4 pam.202eV i
B — | et
—0.2} V.B. ] I ’ %
-100 0 ‘ 100 200 0.0 i ) . \
distance (A) 0.10 0.15 0.20 0.25 0.30 0.35
energy E (eV)

Figure 3: Band diagram of PtSi/Si/SiGe diode showingthe Figure 4: Magnified Fowler plot of a PtSi/SiGe/Si diode
relative valence band energies of the SiGe and the Si, and  (13% Ge), showing the change in slope at low energies
the barrier formed by the Si. due to tunneling through the Si barrier.

The metal-on-Si-cap approach to fabricating Schottky diodes on SiGe is probably not the optimum
approach. First of all, it depends on the relative accuracy of two independently measured thicknesses (the
Si cap and the metal). Second, the tunneling through the unconsumed Si that inevitably remains reduces
the potential quantum efficiency of the device. Third, the variations in the thickness of the unconsumed Si
may result in a greater amount of spatial noise over an array. Simultaneous deposition of metal and Si in
stoichiometric ratio is a more promising method that would produce an intimate silicide/SiGe interface
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without metal-SiGe reactions or an intervening Si layer. The barrier height of the intimate PtSi/Si,.,Ge,
interface, however, is not yet known. This barrier height is not necessarily equal to ¢,-AE, , as might be
expected from an extrapolation of Figure 3 to zero Si thickness. This is because the Schottky barrier height,
according to the present understanding, is determined by (among other things) interface states and interface
chemistry, which may be sufficiently different for PtSi/Si and PtSi/SiGe interfaces. Studies on such intimate
silicide/SiGe interfaces are currently under way.

4. BAND DIAGRAM OF METAL/SiGe/Si DIODES

In this section we calculate the valence band profile of metal/SiGe/Si diodes by modifying the theory
of standard Schottky diodes.'” This is needed to predict the effects of the SiGe/Si-substrate interface. We
assume that the SiGe layer is thin enough so that it lies completely in the depletion region. For a given
doping and reverse bias, the depletion width is determined by the built-in potential, V,; . For standard
diodes, this built in potential is given by"

un = qd:bo - [EF_E:]

where ¢y, is the asymptotic value of the Schottky barrier, i.e., the value of the Schottky barrier in the
absence of the image force, q is the magnitude of the electron charge, E; is the Fermi energy in the
semiconductor and E®, is the valence band-edge energy in the neutral region of the semiconductor. For
metal/SiGe/Si diodes, however, the built in potential is increased by the SiGe/Si interface offset, AE,*:

qv’,, = q(b;o + AE: - [EF"E:] @
where x is the Ge percentage in the SiGe alloy, and ¢,,." is the asymptotic value of the (intimate) metal/Si,_

.Ge, Schottky barrier. In both cases, once V,; is determined, the depletion width, W(V) and the electrostatic
potential energy due to the space charge in the depletion region, U(z,V), are given by the known equations'’

R ON -4

W) = J qNa{VN Ve
qua Zz
uzy) = Wz - —
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where N, is the doping in the SiGe and Si, ¢ is the dielectric constant of Si, T is the absolute temperature,
k is Boltzmann's constant, V is the externally applied bias, and z is the distance from the metal-
semiconductor interface. The potential energy is referred to a zero of energy at the metal Fermi level. For
normal diodes, the valence band-edge energy, E(2), is obtained from this electrostatic potential energy by"

2

E@V) = -ab, + UgW) + - 6‘;" )y )
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For metal/SiGe/Si diodes, however, instead of adding the Schottky barrier height, we add the initial valence
band profile, E,i(z) (the valence band-edge energy before any redistribution of charge), which includes the
silicide/SiGe Schottky barrier height and the SiGe/Si band offset. Thus

2

E(V) = EXQ+ UV) + : 6‘;1 y

If the SiGe layer is of uniform composition throughout its thickness, then the initial valence band profile
is

Bg- e T ©)
a4, - AE;  z>7,

where z,, is the position of the SiGe/Si interface (i.e., the thickness of the SiGe layer). If the Ge
composition is graded, the initial valence band profile changes continuously from -qd,.* - AE* to - ¢, .
For a PtSi/Si/SiGe/Si diode, the initial valence band profile is

~qbs, z< 20,
EQ) = -qby, + AE} 2, <z<z,
_q¢b z> Zw

where z',, is the thickness of the unconsumed Si

layer. For a PtSi/Si/SiGe/Si diode, the V,;and 0 —————————
¢, used are that of Si, not SiGe, assuming that
the Si is thick enough that the Schottky barrier £
height is set by the normal PtSi/Si interface 0.0
mechanisms. Figure 5 shows typical calculated
valence band diagrams, for a PtSi/Si/SigsGe,s/Si
diode and a PtSi/SigsGe,s/Si diode. Both diodes
have the SiGe/Si interface at 700 A from the
metal, and the last 100 A of the SiGe is linearly
graded in Ge content. For the SiGe/Si offset : el Lo
AE, the empirical dependence of the Si, Ge, AN .
bandgap® on x was used, together with a 90% - Si
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difference is entirely due to the fact that the g, *
value used is not equal to q,.> - AE,*. This Figure 5: Calculated valence band diagrams of a PtSi/SiGe/Si

difference has observable effects that will be diode (dotted line) and a PtSi/Si/SiGe/Si diode.
explained in the next section.
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5. VOLTAGE-TUNABLE CUT-OFF WAVELENGTHS
The barrier heights of normal Schottky diodes have a weak dependence on reverse bias voltage.

This dependence exists because the image potential causes the maximum of the Schottky barrier to lie inside
the semiconductor. The position, z,, , of this maximum is'

1 11
& \’ 167N, W(V) b

and the value of the Schottky barrier at this maximum is"®

N,W(V)
o,(N) = b, %'T

For PtSi/Si, the variation is typically of the order of
a 10% reduction in the barrier height over a range of 0.25 T T . .

0-30 volts. The reason that this change is so weak is 0.24}

that the position of the Schottky barrier maximum is < 0.23}

on the order of about 50 A, while the externally & (.22} 0% Ge
applied potential difference falls across the whole £ (.21}
depletion width, which is typically thousands of -3 (.20} nafmaL boeares AT
angstroms.  Figure 6 shows the measured barrier = (.19} ]
heights as a function of reverse bias of a PtSi/Si .2 18} 8
control diode and PtSi/Si/SiGe/Si diodeswith5% and 5 (.17 %_6\9\‘9\‘
10% Ge, respectively. The variation is typically ° 516l 107 Ge 1
observed and follows the predictions of equations (10) 015L—

and (11). 0 1

reverse bias (V)

A much more rapid variation of barrier height Fiaure 6: Me d Schotky barrier height b

b : : : Measured Scho arrier heights versus bias
with bias is obtained by using the valence band offset vgnage for PAS/SUSIGe/Si diodes with 0% and 10% Ge,
at the SiGe/Si interface in conjunction with the respectively.
Shottky barrier height. If the SiGe layer is thin
enough, the SiGe/Si band offset lies just behind the Schottky barrier maximum. Because it starts just
slightly below the Schottky barrier (in energy), the band offset forms an additional barrier that extends
higher in energy than the Schottky barrier. However, because the offset is deeper in the semiconductor than
the Schottky barrier maximum it is much more susceptible to the external bias. It can therefore be lowered
in energy by a reverse bias until it is lower in energy than the Schottky barrier. Figures 7 and 8 are
calculations of the valence band diagram of PtSi/SiGe/Si diodes at various reverse biases. The structure
in Figure 7 has an abrupt SiGe/Si junction, while the structure in Figure 8 has a SiGe layer of the same
thickness but graded in composition, showing the possibilities for engineering the barrier profile. For biases
such that the SiGe/Si offset peak interface is higher in energy than the Schottky barrier maximum, the
effective barrier height, ¢ , is simply the value of the valence band energy at the SiGe/Si interface:

_q(bqﬂ(V) = Ev(zWV)
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Figure 7: Calculated valence band diagram of a Figure 8: Calculated valence band diagram of a
PtSi/Sig,Ge,,/Si diode with 120 A of SiGe, at zero and 10 PtSi/SiGe/Si diode at 0, 5, and 10 V reverse bias,
volts reverse bias. with 120 A of SiGe, linearly graded over 80 A.

The bias dependence of the effective barrier height, Ad.«(V) , is therefore E(z,, , V) - E,(z,, , 0). This
gives us

Ady = —eiNa[W(P)—W(V=O)]zW (14)

This holds for reverse biases from zero up to a bias V such that ¢.(V) becomes less than ¢,(V) , and
depends on the SiGe thickness z, .

An important point to be noted here is that, in this model, the effective barrier height of
PtSi/Si/SiGe/Si diodes can never be higher than the PtSi/Si barrier height, because the increase in the
valence band energy at the first Si/SiGe interface is matched by the same decrease at the second SiGe/Si
interface. For PtSi/SiGe/Si diodes, however, it may be possible for the effective barrier height to be higher
than the PtSi/SiGe/Si barrier height, if the PtSi/SiGe barrier height, qdy*, is greater than q,.5 - AE.* .

Figure 9 is a series of Fowler plots measured at various reverse bias voltages for a PtSi/Si/SiGe/Si
diode with 20% Ge, showing how the barrier heights shift with reverse bias. Figure 10 is a plot of the
Schottky barrier heights of PtSi/Si/SiGe/Si diodes with 15% and 20% Ge, respectively. The rapid change
of the barrier height, corresponding to emission over the SiGe/Si offset, can be observed, followed by
eventual saturation corresponding to emission over the Schottky barrier. The dotted curve is the theoretical
reverse bias lowering for a typical PtSi/Si diode. It can be observed that the effective barrier heights at
low bias are much higher than the typical PtSi/Si barrier height, which is what would be expected of
PtSi/SiGe/Si diodes, and not PtSi/Si/SiGe/Si diodes, in the model above. At present, it is thought that the
remaining, interfacial Si layer in these diodes is thin enough so that the Schottky barrier is more
characteristic of PtSi/SiGe rather than PtSi/Si. That is, the interfacial Si layer may be so thin (e.g. only
a few angstroms), that the interface mechanisms that determine the barrier height are influenced in large
part, if not entirely, by the SiGe. :
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6. BIAS DEPENDENCE OF C,

The efficiency coefficient C, of PtSi/Si, which is obtained from the slope of the Fowler plot,
typically has also a relatively weak dependence on reverse bias. This dependence is understood as being
due to scattering in the semiconductor region between the Schottky barrier maximum and the metal
interface.' The effect of the reverse bias moves the position of the barrier maximum closer to the metal
interface. This gives carriers a greater probability of making it over the barrier, and increases C,. The
dependence is of the form C, « exp(z,(V)/L) , where z,(V) is the bias-dependent position of the Schottky
barrier maximum in equation (10), and L is a scattering length in the semiconductor.

The PtSi/Si/SiGe diodes described in this study were found to have a much larger variation of the
C, coefficient with reverse biases. Figures 11 and 12 are Fowler plots at various bias voltages, showing
the typical variation of a PtSi/Si diode, and the much larger variation of the fabricated PtSi/SiGe/Si diodes.
This is presumably due to a much smaller scattering length in the epitaxially grown Si and SiGe of the
PtSi/Si/SiGe diodes, compared to substrate Si. The scattering length L can be extracted from a linearized
plot of C, vs. z, . Figure 13 is a log plot of the emission coefficients C, , obtained from the Fowler plots,
as a function of the z,,. The peak position z, is calculated from equation (10). The 10% and 0% samples
have the linear behavior typical of Schottky emission, with scattering lengths of ~5 A and ~90 A |,
respectively. The smaller scattering length in the SiGe alloy can be attributed to both alloy scattering and
defect scattering in the epitaxially-grown SiGe layer. Defect scattering can be reduced by improved
epitaxial control of the SiGe growth process, but alloy scattering is inherent to SiGe.

For tunable PtSi/SiGe/Si diodes, the bias dependence of C, is expected to have a distinct
characteristic. ~ At lower reverse biases, corresponding to emission over the SiGe/Si offset and rapidly
varying effective barrier heights, C, values should be low, because the SiGe/Si offset is much further than
the Schottky barrier maximum. Furthermore, this C, should be relatively voltage-independent, because the
peak formed by the SiGe/Si offset does not change position with bias. At some higher reverse bias,
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however, when the SiGe/Si offset-peak moves below the Schottky barrier maximum, the C, value should
jump to higher values and to the standard bias-dependence. This behavior is observable in Figure 14, a plot
of the C, values of the tunable PtSi/Si/SiGe diodes. Such behavior can be considered a key feature that
identifies the tuning mechanism as emission over the SiGe/Si offset, as opposed to other possible bias-
dependent mechanisms.
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Figure 11: Fowler plots of a PtSi/Si control diode showing Figure 12: Fowler plots of a PtSi/Si/SiGe/Si diode (with
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7. SUMMARY

We have fabricated PtSi/Si/SiGe/Si Schottky diode infrared detectors with extended and tunable cut-
off wavelengths. The cut-off wavelength increases with increasing Ge concentration, with 10 um obtained
for PtSi/Si/SiysGe,, . The detectors were made by the reaction of Pt with a pre-grown Si capping layer
on the SiGe. This energy offset at the Si/SiGe interface makes the unreacted Si act as a thin barrier that
carriers can tunnel through, lowering the effective barrier height of the detector. The tunability of the
effective barrier height is obtained by using the other SiGe/Si offset as an additional barrier behind the
Schottky barrier that can be pulled down with a reverse bias. The quantum efficiency for emission over
this offset is reduced because it is deeper in the semiconductor than the Schottky barrier maximum.
However, the quantum efficiency has normal values at larger biases and long-wavelengths corresponding
to emission over the Schottky barrier.
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