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Abstract—We have experimentally studied impact ionization (II)
in the strained-Si layer of a strained-Si/SiGe heterostructure. Our
key finding is that the impact ionization multiplication coefficient
has a positive temperature coefficient which is opposite to that of
bulk Si. Furthermore, the temperature dependence of the multi-
plication coefficient has been found to be exponential in nature.
Our experimental work shows that the combination of a strong and
positive temperature dependence of the II coefficient and the sig-
nificant self-heating that this structure suffers from results in an
overall impact ionization rate that is more than an order of magni-
tude higher than that of reference Si devices operating under iden-
tical bias conditions.

Index Terms—Impact ionization, self-heating, strained-Si.

1. INTRODUCTION

TRAINED-SI technology holds great promise in the con-
S tinuing drive to push CMOS along the scaling roadmap [1].
Currently, research in this area is mainly focused on its use for
digital or logic applications. However, as with all CMOS gen-
erations, there will eventually be strong interest in mixed-signal
applications such as for wireless communication products. At
this time, little is known about the potential of strained-Si tech-
nology for the high-frequency power amplifier function. For
this, impact ionization (II) is a key consideration because it ulti-
mately determines the breakdown voltage and by extension the
maximum power that a technology can deliver. II is also a sig-
nificant consideration in device design for most other applica-
tions as it greatly affects device reliability, substrate noise, and
latchup performance.

In this paper, we present the first experimental study of II that
we know of in this material system. A key finding is that II in
the strained-Si/SiGe system is more than an order of magnitude
higher than that of bulk Si under identical operating conditions.
We have found that this is the result of the interplay between
the severe self-heating that occurs as a result of the low thermal
conductivity of the SiGe buffer coupled with a strong positive
temperature dependence of II in the strained-Si layer. Our find-
ings cast a cloud over the radio-frequency (RF) power poten-
tial of strained-Si/SiGe heterostructures. This paper contains an
augmented version of an earlier presentation [2].
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Fig. 1. Schematic cross section of the II test structure used in this paper. The
hole current (I},) produced by II in the n- region is collected by the body.

II. TEST STRUCTURE DESIGN

Our device choice for investigating II effects in the strained-
Si/SiGe heterostructure is essentially an integrated resistor with
a body contact on the back side of the wafer (Fig. 1). The het-
erostructure was grown by ultrahigh voltage chemical vapor
deposition (UHVCVD) on a p+ (boron doped 10'® cm~3) Si
handle wafer. It is comprised of a 2-pm compositionally graded
buffer followed by a 4-um relaxed p-type Sig.7sGeg.22 layer and
a 15-nm strained-Si layer on top. After the growth of the graded
buffer layer, the samples received a chemical-mechanical polish
prior to the growth of the compositional layer for the purpose
of reducing surface roughness [3] thereby obtaining a smooth
interface upon subsequent oxide growth. The uniform compo-
sition Sig.78Geg.22 layer thickness and doping (2 x10'6 cm—3)
were chosen to prevent the n+ depletion region associated with
the n+/p junctions reaching the dislocations in the graded region
and causing unwanted junction leakage current. The device ac-
tive area was defined by an low temperatur oxide (LTO) depo-
sition and etch. This was followed by surface passivation using
a 4-nm thermal oxide grown at 800 °C for 30 min. The active
areas were then implanted with 1 x10'2 cm~2 20 keV As to
form the n- resistor region. Contact regions were given a high
dose As 5 x10'5 cm~2 20 keV implant. The process was com-
pleted by LTO deposition, an rapid thermal anneal (RTA) spike
anneal at 1000 °C, contact cuts, and metallization (Ti/Al). The
final resistor length is 1 gm. Bulk Si samples were simultane-
ously processed as a reference. The starting material of the ref-
erence bulk Si was p epi on p+ with the thickness and doping of
the epi layer set to match that of the strained-Si/SiGe samples.

The resistor resembles the n- drift region of a power laterally
diffused MOSFET (LD-MOSFET) if it were implemented in
this technology [4]. In this device, parallel current conduction
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Fig. 2. MEDICI simulation of the bulk Si reference test structure. The close
match of the simulated and experimental data indicates that the body current is
a clean measurement of II in the test structure and that surface effects do not
play a significant role.
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Fig. 3. Source and body current for the strained-Si/SiGe and bulk Si test
structures as a function of the intrinsic voltage (Vip¢).

would take place through the strained-Si layer and the under-
lying SiGe buffer layer. This is, therefore, the proper structure
to study II for RF power applications. This test structure is oper-
ated with a voltage applied across the two n+ contacts referred
to here as drain and source. The body is kept at ground. At high
enough voltages, the lateral electric field across the n- region re-
sults in IT events. Any generated holes are collected by the body
and extracted as body current. As we will show in this paper, im-
pact ionization takes place preferentially in the strained-Si layer
of this heterostructure.

III. RESULTS

Fig. 2 graphs the current—voltage (I-V) characteristics of the
bulk Si reference resistor taken at 300 K. This figure shows
source current (/) and body current (/) as a function of the
drain/source voltage across the n- region (Vys). The source
current has a typical shape indicative of velocity saturation.
The body current is nearly exponentially dependent on Vjys.
MEDICI simulations of the bulk Si reference sample (also
shown in Fig. 2) confirm that in this test structure design, the
body current is a clean measurement of II and that surface
effects do not play a significant role.

I-V characteristics of a strained-Si/SiGe resistor taken at
300 K are shown in Fig. 3. The data obtained from the identical
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Fig.4. M —1 versus average lateral electric field for the strained-Si/SiGe and
bulk Si test structures.

bulk Si reference structure are shown for reference. This graph
now shows I, and I as a function of the intrinsic drain-source
voltage across the n- region (Vi) This has been corrected from
the applied drain-to-source voltage to account for the parasitic
resistances of the n+ regions and contacts. These parasitic re-
sistances were measured using suitable Kelvin test structures.
Under identical conditions, the strained-Si samples exhibit a
lower high-field source current than the bulk samples. In con-
trast, the body current is more than one order of magnitude
higher. The strained-Si/SiGe sample also shows visible nega-
tive output conductance indicating the presence of significant
self-heating.

The lower high-field source current of the Si/SiGe sample was
found to partially arise from both self-heating and the lower
mobility of the underlying SiGe buffer region [5]. The lower
mobility of the SiGe region results in the current preferentially
flowing through the high-mobility strained-Si layer resulting in
effectively a thinner resistor compared to the bulk Si sample.

The higher body current of the strained-Si sample is indica-
tive of higher impact ionization rate as measured by the II mul-
tiplication coefficient. This is extracted as

Iy
M—-1=—
1,

S

ey

where M — 1 is a useful figure of merit to gauge the extra cur-
rent generated by II. Fig. 4 plots M — 1 for the two devices
as a function of the average lateral electric field in the n- layer
(Favg). As seen in this figure, for the same F,,,, M — 1 in
the strained-Si/SiGe devices is close to two orders of magni-
tude higher than in the bulk Si sample.

Further evidence of enhanced II in the strained-Si/SiGe sam-
ples is the breakdown voltage of the resistor structure. This is
seen in Fig. 5 which shows that the strained-Si/SiGe heterostruc-
ture device has a breakdown voltage nearly 4 V lower than the
bulk Si sample. In order to ensure repeatable measurements of
II current for all conditions, the maximum voltage applied to the
devices was kept well below the breakdown voltage. The body
current was found not to change with the body voltage (V5),
and all measurements shown are for V,, = 0 V.

Figs. 6-8 show, respectively, the temperature dependence of
the source and body currents and the multiplication coefficient
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Fig. 5. I, versus Vj, for the strained-Si/SiGe and bulk Si samples biased to
breakdown. The strained-Si/SiGe test structure has a much sharper breakdown
than bulk Si and also breaks down about 4 V earlier when compared to room
temperature. At 200 ° C, the breakdown voltage of the bulk Si samples increases
slightly but decreases by 2 V for the strained-Si/SiGe samples.
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Fig. 6. I, versus Vi, for the range of ambient temperatures between —40 °C
and 200 °C. ! T, indicates the direction in which the temperature is increasing.
As expected, both the strained-Si/SiGe and bulk Si samples show reduced
current for increasing temperature indicating enhanced phonon scattering.

for both structures. In both devices, the high-field source cur-
rent decreases with increasing temperature (Fig. 6) indicating
enhanced phonon scattering at elevated temperatures. In con-
trast with this the body current in the strained-Si/SiGe sample
exhibits a strong positive dependence on temperature, which is
opposite to what is seen in bulk Si (Figs. 7 and 8). This translates
into a multiplication coefficient that increases with the temper-
ature in the case of the strained-Si/SiGe heterostructure while
that of the bulk Si structure decreases with temperature, as com-
monly observed [6] (Fig. 8). The positive temperature depen-
dence of II is also apparent in the breakdown characteristics of
the devices depicted in Fig. 5. At 200 °C the breakdown voltage
of the strained-Si/SiGe devices decreases by 2 V from its room
temperature value; whereas, it increases by 0.3 V for the bulk Si
samples (Fig. 5).

In order to make a proper comparison of II in the strained-
Si/SiGe heterostructure and bulk Si, self-heating needs to be ac-
counted for. Toward this end, we have carried out pulsed mea-
surements of the /-V characteristics (Fig. 9) at different am-
bient temperatures. A schematic diagram of the setup is shown
in Fig. 9. A pulse generator was applied to the drain of the de-
vice. The source was connected to ground through a 50 ohm
resistor. The current through the resistor was obtained from the
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Fig. 7. I, versus Vi, for the range of ambient temperatures between —40 °C
and 200 °C. The strained-Si/SiGe sample exhibits a strong positive temperature
dependence in contrast to bulk Si, which has a much weaker and negative
temperature dependence. Leakage current in both structures increases at higher
temperatures.
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Fig.8. Experimentally determined M — 1 for a range of ambient temperatures
between —40 °C and 200 ° C. The leakage current seen at higher temperatures in
Fig. 7 was factored out of I, before the M —1 extraction was made. The positive
temperature coefficient of Il in the strained-Si/SiGe is evident and contrasts with
the small but negative TC of the bulk Si reference sample.
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Fig. 9. Schematic of the pulse setup used to measure self-heating effects in the
strained-Si/SiGe test structures.

source voltage. The slope of the line constructed from the in-
tersection points of the pulsed I-V curves with the static curve
(Fig. 10) versus the static power yields the thermal resistance of
the sample. A nominal pulsewidth of 20 ns with a duty cycle of
0.02% was used. However, the frequency response of the pulse
setup was limited by parasitic capacitance of the device pads.
To account for this the thermal resistance was estimated for a
number of different pulse widths.
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Fig. 10. Comparison of the pulsed -V curves of the strained-Si/SiGe
measured at 50 °C, 100 °C, 150 °C, and 200 °C to the static curve measured
at 25 °C.
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Fig. 11. 1II isotherms for strained-Si/SiGe structure reconstructed from static
dc curves measured at ambient temperatures from —40 °C to 200 °C. Curves
have been labeled with estimated device temperature (1).

Using this method, the thermal resistance of these devices
was estimated to be 170(+/ — 40) pm- K/mW. Test structures
with a thinner Sig 7gGeg.22 layer of 2 um were also fabricated
and the same level of self-heating was observed in these sam-
ples. These results suggest that for our thick buffer layers, the
main heat losses take place through the wafer’s top surface. Our
estimate of the thermal resistance compares reasonably well to
the value of 122 pym- K/mW found by Jenkins for a 1.5-um
buffer [7]. In our experiments, the power levels are such that
large temperature increases take place. A device operating at an
ambient temperature of 25 °C can rise up to over 400 °C at rea-
sonable bias points.

Using the extracted value of thermal resistance, II isotherms
can be reconstructed from the static dc measurements taken
over a wide range of temperatures (Fig. 11). Correcting for the
self-heating still results in a positive temperature coefficient of
impact ionization.

The I-V characteristics of the resistor structure shown so far
cannot alone be used to determine if the positive temperature
coefficient of II is due to impact ionization in the strained-Si or
in the SiGe layer. To identify this, we examined the breakdown
of the n+ source and drain/p-body junction of the resistor struc-
ture. This junction is mainly contained in the SiGe layer whereas
transport in the resistor is predominantly in the strained Si layer.
The source and drain terminals were held at ground and a neg-
ative bias applied to the body. As shown in Fig. 12, increasing
the temperature increases the breakdown voltage of the junction

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 7, JULY 2005

102
10°
10*
10°
10
107
10°® *
10°

10 -\“-.-'-'.r"'.'-'

-11
10 T T T = = 1

Tb] (A)

V (V)

Fig. 12. Breakdown characteristics of the n+ source and drain/p-body junction
at 25 °C and 200 °C. The junction exhibits a negative TC;; as the breakdown
voltage increases with temperature. As the junction is mainly contained in the
SiGe layer this implies that the positive TCry observed in the resistors originates
in the strained-Si layer.

which is indicative of a negative temperature coefficient for im-
pact ionization. This result implies that the positive temperature
coefficient of impact ionization that is observed in lateral trans-
port in the resistors is indeed due to the strained-Si layer.

IV. DISCUSSION

I in SiGe has previously been experimentally studied by
means of photodiodes [8]. Theoretical Monte Carlo simulations
of II in strained-Si have also been carried out [9]. Both studies
show an increase in the impact ionization coefficient over that
of bulk Si. However, to our knowledge, a positive temperature
coefficient (TC) for II has not been predicted for strained-Si.
Nonetheless, this is not an entirely surprising result. The
same anomalous temperature dependence has previously been
observed in the In,Gaj_,As system [10]. The temperature
coefficient of II in this material system changes from being neg-
ative for GaAs (x = 0) to becoming positive for InAs (z = 1)
at a composition around x = 0.4. This is now understood
to reflect a competition between the temperature dependence
of the mean-free path and that of the energy bandgap which
exhibit opposing dependences [11].

To better understand how these parameters affect the ion-
ization rate, it is instructive to examine a simple first order
model for impact ionization. The model we use is based on the
Chynoweth formula [12]

o) - aver ()

where « is the impact ionization coefficient, ¢ the lateral electric
field, and a, b fitting parameters. Shockley [13] gave physical
meaning to the fitting parameter b in his lucky electron model
where

@

_ E(T)
— g\(T)

(€)

and F; is the threshold energy for ionization and A the mean-free
path. For bulk silicon, the mean-free path has been given by
Crowell and Sze [14] as

E
A(T) = Ao tanh (%—;) )
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where [, is the optical phonon energy and ) is the high-en-
ergy low-temperature asymptotic value of the phonon mean-free
path. Using the values taken from Sze [15] of 0.063 eV and 76 A
for E,, and A respectively, A = 64 A at room temperature. The
threshold energy has been modeled by Erschov and Ryzhii [16]
where they assume that F; is proportional to the bandgap en-
ergy of silicon, which depends on temperature, giving

E{(T) = C1 + CoT + C5T* 5)

where C; = 1.1785 eV, Cp = —9.025 x 107° eV K, and
C3 = —3.05x10"7 eV K2 for T' > 170 K. At room temper-
ature, this gives F; = 1.12 eV which is the bandgap F,.

From (2) and (3), it can be seen that the probability of an ion-
ization event increases as F/y decreases because a carrier needs
less kinetic energy to cause an II event. As A increases, the
probability of an II event also increases because the carrier has
gained more energy between scattering events.

The temperature dependence of the ionization rate can be de-
termined by examining the temperature coefficient of II (TCyg)
defined as

1 da
TCy = ——
Cu < aT (6)
which when applied to (2) and (3) yields
E; [(1d)\ 1 dE;
TCh = — (=2 - = .
Cr="1x </\ dl' ~ E; dT) M
Using (4) and (5), we get
dX E, o FE
an _ w2 ( Ze
ar =~ Mg <2k-T> ®
and
dE;
T = Cy + 2C3T. 9

Both (8) and (9) are negative and work in opposition to each
other. Whether the TCyy is positive or negative depends on the
relative magnitude of the two bracketed terms in (7). If the
(1/X)(dA/dT) term is larger than the (1/FE;)(dF;/dT) then
TCry is negative and vice versa for a positive TCyz. In the case
of bulk Si at room temperature this analysis yields a negative
value for the TCyp of
1 -1 -1
TCn = —g2077V -em” - K (10)
at 300 K. Fig. 13 shows II plotted as a function of device tem-
perature for constant average electric field, and it can indeed be
seen that the bulk Si sample has a negative dependence on tem-
perature albeit a very weak one. This is consistent with Ershov
[16] who has noted that the theoretical models tend to predict
a much stronger temperature dependence of the II coefficient
compared to experimental results.
In contrast to bulk Si, impact ionization in the strained-Si
samples has a very strong positive and exponential dependence
on temperature. The analytical expressions for the temperature
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Fig. 13. Plot of II in the strained-Si/SiGe test structure at different E,,, as
a function of temperature. A plot of Si data at E.,, = 5.5 x 10* V/cm is
shown for reference. II in strained-Si/SiGe exhibits an exponential dependence
on temperature.
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Fig. 14. Plot of TC(; 1) versus inverse average electric field. As predicted
by the model given in (7), this yields a linear dependency with an intercept that
passes through the origin.

dependence of E; and A such as in (4) and (5) have not been for-
mulated for strained-Si, and so a numerical estimate for TCyp
cannot be made. Fig. 14 plots the temperature coefficient of
M-1

1 d(M-1)
M—1 dT

TCim—1) = (11)
versus 1/e,.,. The temperature dependence of II shows a linear
dependence on inverse field and the intercept of the graph passes
through the origin which is consistent with the model presented
in (7).

To have such a strong exponential positive temperature de-
pendence, as shown in Fig. 13, implies that the normalized
rate of change of the threshold energy with respect to temper-
ature dominates over that of the mean-free path term in (7).
It is conceivable that the (1/E;)(dF;/dT) term strongly dom-
inates over the (1/A)(d\/dT) term as the mean-free path in
strained-Si is expected to be longer and the room temperature
E, smaller [17]. dE;/dT may also be more complicated than
just simply ~ dE,/dT because of the band splitting of the
strained-Si.

A direct comparison of II in the strained-Si/SiGe and bulk
Si at the same temperature and field cannot be made due to the
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experimental limitations of this paper. The maximum operating
temperature of the measurement chuck and therefore the bulk
Si samples is 200 °C. Self-heating in the strained-Si devices re-
sulted in operating temperatures that exceeded this 200 °C limit.
To reduce the operating temperature of the strained-Si samples
to less than 200 °C the chuck would have to be cooled to less
than its lower limit of —50°C. Self-heating also resulted in II
occurring at lower fields in the strained-Si samples because of
the exponential temperature dependence. At these lower fields
leakage current obscured Il in the bulk Si samples. An extrapola-
tion of the temperature dependence of the II in strained-Si/SiGe
would show that the II is on the same order of that in bulk Si at
room temperature as predicted by Rashed [9]. However, since
this is an exponential extrapolation, this estimate is highly de-
pendent on the accuracy of the determination of the thermal re-
sistance. Higher temperature measurements of the bulk Si or
lower temperature measurements of the strained-Si samples are
needed for a direct comparison to be possible.

A positive TC for II has very significant implications in de-
vice applications, particularly in RF power applications. First,
as the Il rate increases with temperature, high-temperature relia-
bility at high voltages becomes a critical consideration. Second,
as temperature increases, the breakdown voltage decreases and
thermal runaway could occur more easily. This limits the power
handling ability of the technology. The situation is more severe
in the case of the strained-Si/SiGe system because of the poor
thermal conductivity of the SiGe buffer. This greatly enhances
the overall II rate under a given set of conditions.

V. CONCLUSION

We have experimentally studied electron II in the strained-
Si/SiGe material system and found that the strained-Si has a
positive temperature dependence. We have also shown that the
temperature dependence of II in this material system is exponen-
tial in nature. When combined with severe levels of self-heating
in the structure, we have demonstrated that the positive TC of
II results in significantly higher levels of II being observed in
strained-Si devices operating at the same ambient temperature
and bias point as reference bulk Si devices.
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