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~ b ~ t m ~ t -  We have measured the valence-band dis- 
continuity of strained Sil,Ge, on (100) unstrained Si using, pc-si I p+-SiGe I p-siGs I i-si I p-SiGe I g-s,Ge I 

- 
y-Si~.,Ge,/ si/p-Sil.xCex semiconductor-insulator semi- I I 1 I I I 

conductor (SIS) structures with Ge compositions in the % 5 
range 10 < .r < 25%. The epitaxial heterostructures were 5 

A% 
grown by ultra-high-vacuum chemical-vapor-deposition. A 
new data analysis procedure is proposed for extracting small 

heterostructures as a function of temperature. Our data indicates 
that the valence band discontinuity between Si and Sil-,.Ge, 
can be approximated by AE, .  = 6.4.r meV fdr 0 < .r < 17.5'%,. 

LE,,  values out of the current-voltage characteristics of the SIS EOULlBRlUM 

Fig. I. Conceptual band diagram of a p S i l - L  Ge, /t-Si/p-Si,-., Ge, SIS 
heterostructure in equilibrium. 

I. INTRODUCTION 
HE growth of high-quality strained Sil-,Ge, epitaxial T layers on Si substrates has recently led to the demon- 

stration of a wealth of Si-compatible heterojunction devices 
[ 11, [2], among which heterojunction bipolar transistors (HBT) 
have stirred considerable interest [3]-[6]. To a large extent, 
the conduction and valence band discontinuities, AE, and 
AE, ,  respectively, determine the electronic properties of a 
heterojunction system. Because of this, accurate knowledge 
of band alignments is essential to designing heterojunction 
devices. 

To date, the total bandgap difference, AE,, of the 
Si/Sil-,Ge, heterojunction system is relatively well known. 
It has been predicted by theoretical calculations [7] and 
verified experimentally 181. In contrast, there remain serious 
discrepancies about the precise value of the valence band 
discontinuity [9]. Theoretical band alignment calculations [IO], 
[ I  I] predict AE,, zz AE,. Results of several experimental 
measurements of AE, present a conflicting picture [ 121-[21]. 
For device applications, it is particularly problematic that very 
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few device-type measurements of A E, have been reported 
for low Ge compositions (z < 20%), a regime of importance 
for HBT's and other devices. Below z = 20%, only the recent 
data of Brighten et al. [19], [20] are available and they are 
obtained by a capacitance-voltage technique which is known 
to be very vulnerable to the presence of traps 1221. 

In view of this situation, there is a need for transport-based 
device-type measurements of AE, for strained Sil-,Ge, on 
unstrained Si substrates, especially for low Ge compositions. 
The purpose of this work is to fill this gap. We have used 
a specially designed semiconductor-insulator-semiconductor 
(SIS) heterostructure. This symmetric structure demonstrated 
its worth by settling the controversy about the band alignment 
in the GaAs/AlGaAs heterojunction system 1231, [24] and has 
been subsequently used in a large number of 111-V compound 
semiconductor systems [25]-[28]. To the knowledge of the 
authors, it has never been used in the Si/Sil-,Ge, system. 

11. THEORY 

A Semiconductor-Insulator-Semiconductor heterostructure 
consists of an undoped wide bandgap material sandwiched 
between two doped narrow bandgap layers, as schematically 
illustrated for the Si/Sil-,Ge, system in Fig. 1. In equi- 
librium, this heterostructure has a symmetric square-shaped 
potential barrier which lends itself to simple analysis and 
allows accurate extraction of band discontinuities. This section 
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summarizes the theory of the electrostatics and the current- 
voltage (I-V) characteristics of this structure and presents the 
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scheme used to extract AE,,. This description is necessary 
since a number of assumptions that have become common in 
the 111-V literature need to be carefully reviewed in light of 
the small values of AE,, expected in the Si/Sil-,rGe, system. 
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Fig. 2. Valence hand schematic of SIS heterostructure under bias V. EFC 
and E F A  are the quasi-Fermi level of the cathode and the anode layers, 
respectively. The black arrows indicate hole flow. The size of the arrows is 
to illustrate the relative magnitude of the hole flow under the indicated bias. 

In our work, as Fig. 1 indicates, we assume that AE, 
is identical for both heterojunctions and is independent of 
temperature. We also assume that the middle Si barrier layer 
is undoped and the Sil-,Ge, layers are equally p-type doped 
to a non-degenerate level. Highly doped p+-Sil-,Ge, and 
p+-Si layer structures are placed on both sides of the S-I-S 
heterostructure in order to provide low resistivity contacts to 
the outside world. 

When a small bias V is applied to one terminal of the SIS 
structure with respect to the other, the band diagram tilts as 
sketched in Fig. 2. We label as cathode the Sil-,Ge, layer 
with the more positive potential, and as anode the Sil-,Ge, 
layer with the more negative potential. In this notation, the 
cathode injects holes over or through the barrier which are 
then collected by the anode. Since the structure is symmetric, 
all electrical characteristics should be symmetrical about zero 
bias. Over a certain range of bias and temperature, thermionic 
emission of holes over the barrier layer from the cathode to the 
anode is expected to limit the current transport in the device. 
Under such conditions, the hole current is thermally activated 
and from the activation energy, AE, can be extracted with 
minimal assumptions [24]. 

AE,. for Sil-,Ge, on unstrained (100) Si for composi- 
tions of practical interest is considerably smaller than in the 
GaAs/AlGaAs and other 111-V heterojunction systems. This 
restricts the temperature range in which hole thermionic emis- 
sion dominates. At high temperatures, we have experimentally 
found that thermionic emission dominates only when 5kT 
does not exceed AE,  (see experimental results below). This 
puts an upper limit to the measurement temperature. At low 
temperatures, thermionic emission is suppressed and tunneling 
across the barrier dominates hole transport. Tunneling is 
enhanced for low AE, barriers and high bias. Therefore, 
to minimize tunneling and extend the thermionic emission 
temperature range at low temperatures, small biases must be 
used. 

The following four equations describe the electrostatics of 
the intrinsic SIS heterostructure [29]: 

(3) 

Equation (1) describes how an applied bias V is distributed 
in the band bending of an accumulation layer in the cathode, 
gC, the voltage drop across the Si barrier layer, $1, and band 
bending in the depletion region in the anode, $ A ,  as shown 
in Fig. 2. Equation (2) matches the electric displacement, 
D = E&, at the two heterojunction interfaces in the absence of 
interface charge (an assumption in this work). This uniquely 
determines a relationship between the electrostatic potential 
drops $c, $1 and $ A .  t~ and E A  are the dielectric permittiv- 
ities of the cathode and anode Sil-,Ge, layers respectively. 
€ 1  is the permittivity of Si. & I ,  the electric field across the 
undoped Si insulator layer, is constant for the undoped Si 
barrier layer. IC and EA are the surface electric fields at the 
cathode-insulator and anode-insulator interfaces, respectively. 

Equation (3) describes the relationship between the surface 
electric field on the narrow bandgap side at one of the 
heterojunction interfaces, E,, and the corresponding potential 
dropped in the Sil-,Ge, semiconductor, Q,. For the cathode 
(anode), E,  becomes E c  ( E A )  at the cathode (anode)-insulator 
interface and q, becomes +C ($A). In (3), LD is the Debye 
length in the Sil-,Ge, layer, T is the temperature, k is 
Boltzmann constant, q is the electron charge, PO and no are 
the equilibrium hole and electron concentration, respectively. 
Finally, the function F(g, 2)  in (3) is given in (4) for a p- 
type semiconductor. The effective hole mass and permittivities 
of SiGe required by the model are interpolated between those 
of Si and Ge. The effects of unintentional doping in the Si 
barrier layer will be discussed and resolved in the discussion 
section. 

We have built a computer model that numerically solves 
these equations by starting from an anode potential, $ A ,  to 
obtain the anode-insulator surface electric field, &A, using 
(3). The electric field in the Si barrier layer, &I and the 
surface electric field at the cathode-insulator interface, IC ,  
are obtained from the boundary conditions in (2). Since &I 
is constant in the undoped barrier layer, the potential dropped 
across the barrier layer is 

+I = EIWI ( 5 )  

where WI is the barrier layer width. With &c, $IC is numer- 
ically solved from (3). Once 411 and $C are obtained from a 
fixed value of $A, the electrostatic potentials are summed to 
obtain V using (1). 

With the electrostatics now fully described, we now turn to 
the simulation of current transport in the SIS structure. In the 
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thermionic emission regime, the hole current can be modeled 
as in [23]: 

J = A*T2 F X ~  -- - exp -- [ ( %) ( *:;)I (6) 

where J is the current density and A* is the effective Richard- 
son’s constant (in our simulations, we have used the value of 
A* = 79.2 A/cm2K2 that corresponds to Si [30] since holes 
are thermionically injected from the Sil-,Ge, layers into the 
Si barrier; this choice, as shown below, does not affect the 
extraction of AE,). 

Holes thermionically emitted from the cathode to the anode 
confront the energy barrier y@c and holes emitted in the 
reverse direction from the anode to the cathode have to 
surmount the energy barrier @,a. The two exponential terms in 
(6) reflect the exponential dependence of the current on these 
two energy barriers. With no applied bias V ,  the two barriers 
are equal and no current flows. With an applied bias such 
that @,A >> @c, many authors simplify (6) by discarding the 
exponential (P.4 term because holes emitted from the cathode 
overwhelm those ‘back’ emitted from the anode. Although 
this approximation is appropriate for biases V > 3kT,  we 
will show in subsequent analysis that it is not accurate enough 
to extract barrier information at small biases-the conditions 
needed to minimize tunneling and accurately extract small 
AE,, as argued above. 

From Fig. 2, @c- can be expressed as 

@c( V, T )  = AE,; - q$c( V, T )  - 7/(T)kT = AEt, - 7/(T)kT 
(7) 

where we define the effective energy barrier, A&,, as 

The band bending at the accumulated cathode-insulator 
interface, +c, depends weakly on temperature and bias. 
$c( V,  T ) ,  however, vanishes at zero bias for all temperatures. 
Hence, AE,, reduces to AE,, at zero bias from (8). We will 
use this fact later to obtain AEL,.  

q(T)  in (7) is the reduced Fermi level position with respect 
to the valence band in the bulk of the Sil-,Ge, layers. We 
define it to be negative in a non-degenerate semiconductor. 
Since thermionic emission is a thermally activated mecha- 
nism, it is essential to account for all temperature dependent 
terms such as 7/(T) in the extraction process, particularly in 
our case of non-degenerate Sil-,Ge, layers. The need for 
accurate models of q(T) in the determination of AE, in SIS 
heterostructures has been recognized [24]. A calculation of 
71(T) requires the incorporation of freeze-out effects if the 
doping level is below the Mott transition. Since no freeze- 
ou t  model currently exists for p-type Sil-,,Ge,, we use Li’s 
model for boron-doped Si [31]. 

We can separate @ A  into its various components as was 
performed for @c in (7). Fortunately, Fig. 2 shows that @,4 is 
related to @c in the following way: 

We substitute (9) into (6) and rearrange to obtain: 

The expression 1 - e x p ( - g )  in the denominator inside 
the logarithm of the left-hand side accounts for the ‘back’ 
thermionic emission from the anode layer and it becomes 
significant at small biases. This term has always been ignored 
in the SIS literature because of the large biases typically 
utilized. 

With @C broken down into its various components, we 
substitute (7) into (10) and move all temperature dependent 
components of @c to the left side to obtain: 

Thus if we plot the left hand terms versus 1/T in an Arrenhius 
format for a given bias, the slope of the curve yields AE,. 
Since all temperature terms are accounted for in the left-hand 
side, all bias points yield the same value of AE,. 

The approach described in (11) demands that 71(T) and 
$c(V, T )  be known. q(T)  can be modelled rather accurately 
from a knowledge of the doping level. Errors can easily creep 
in a calculation of $c(V, T ) .  Fortunately, we can use the fact 
that $JC vanishes at zero bias and rewrite ( I  I )  as 

(12) 
AE, ,l 

- 7/(T) = logA* - - 
kT log T2 [l - exp( - g )I 

where we have used the expression of AE, from (8). This 
extraction scheme draws out AE, instead of AE, from the 
slopes of the Arrenhius plots of (12). Unlike the previous 
extraction, AE.,, depends on bias and temperature. As more 
bias is applied, the band-bending at the accumulated cathode- 
insulator interface, $c, increases resulting in a decrease of 
AE,,. This difference, however, disappears at zero bias be- 
cause $c(V,T)  vanishes at zero bias for all temperatures. 
Hence, the extrapolation of AEL, to zero bias gives A E ,  
accurately. 

Fig. 3 illustrates the A E ,  extraction methodology described 
by (12) for a hypothetical structure with a AE, of 150 meV. 
We compare the results of our extraction scheme (12), dis- 
played in solid line), with the conventional way (open circles) 
based on the following equation: 

.J AEU 
log 7 - r/(T) = logA* - - 

T2 kT 
where the term inside the square brackets in (1  2) has been 
droped, as done by most authors for V > 3lcTs. We see from 
the figure that at small biases, the 1 - cxp( - g ) term plays 
an extremely important role in producing a correct extraction 
of AE, and cannot be ignored. 

111. EXPERIMENTAL 

A schematical cross section of the heterostructure device 
is shown in Fig. 4. Device fabrication was carried out on B- 
doped (100) p+-Si substrates with a resistivity of 0.016 R.cni. 
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sample ID 

D6 
D4 
D5 
D9 
D7 

2433 

Ge% thickness (A) doping ( ~ m - ~ )  
Si cap front SiGe Si banier back SiGe front SiGe Si banier back SiGe 

10.0 143 600 500 57 1 8 x  10'6 5 x 10'6t nx ioI6 
16.5 looot 652 284 908 5 x  lo ih  7x 10'6t I x ioi7 
17.0 l o w  500t 500t 500t 9 x  1 0 9  NIA 9 x  10'6t 
17.5 143 257 45 7 214 I x 10'8 2~ 10171. l x  10'8 
25.0 185 207 110 240 9 x  10'6t N/A 9 x  10'6$ 

TABLE I 
SUMMARY OF KEY HETEROSTRUCTURE PARAMETERS 

~-~~ - ~-~~~ 135 
0 50 100 150 200 

Voltage (mV) 

Fig 3. AEt  extracted from the Arrenhlus plot using different extraction 
schemes. A hypothetical structure of AE, = 150 meV is assumed The solid 
line used (12) and the circles used (13) The circles extrapolate to a AE, 
value 5 meV less than the actual AE, value 

AI-1%Si (lpm) , 

p'- Si substrate 

AI-l%Si (lpm) I I 
Fig. 4. Schematic cross section of the fabricated SIS heterodiodes. 

After LOCOS for device isolation, SIS heterostructures were 
grown using ultra-high-vacuum chemical-vapor-deposition 
(UHV/CVD) with the reactor nominally set at 550°C 
(E 500°C wafer temperature) [2], [32]. For the sample 
with z = 25%, the nominal reactor temperature was 500°C. 
Unpattemed dummy wafers for material characterization were 
also grown simultaneously on a p-Si substrate. 

A typical device heterostructure consist of three main por- 
tions: the back contact layers, the SIS structure and the front 
contact layers. Epitaxial growth began with a p+-doped layer 
sequence to provide good contact to the substrate and allow 
terminal access from the wafer back. The layer structure 
consist of an initial 100 8, p+-Si buffer and a final 100 8, p+- 
Sil-,Ge, contact to the SIS structure. An approximately 33 8, 
thick Ge composition ramp was inserted between the growth of 
the two layers to grade the p+-Si/p+-Sil-,Ge, interface. The 

grading helps prevent barrier spiking effects caused by abrupt 
junction growth. All layers are doped with N A  = 1 x lo1' 
cmp3. 

The SIS structure is subsequently grown. It consists of 200 
to 1000 8, p-Sil-,Ge, layers Boron-doped between 8 x 1OI6 
and 7 x 1OI8 cmP3 sandwiching a nominally undoped Si 
barrier ranging from 110 to 500 8, in thickness. The bottom 
interface includes a 16 8, spacer layer to ensure abrupt Ge 
and doping transitions at the heterojunction interface. The top 
heterojunction interface has first a 16 8, ramp to reach the 
desired Ge composition followed by another 16 8, spacer for 
the doping concentration to catch up. Structure parameters for 
the SIS heterostructures of the samples used in this work are 
listed in Table I. 

Finally, highly p+-doped front ohmic contact layers for ter- 
minal access from the wafer front complete the heterostructure. 
These layers consist of an initial 100 8, p+-Sil-,Ge, followed 
by a final 185 to 743 8, p+-Si cap. A E 33 8, Ge grading was 
performed again between the p+-Sil-,Ge, layer and the final 
cap. The p+-Sil-, Ge, layer is doped with B to 1 x lo1' 
cm-3 and the top p+-Si cap is doped to 1 x 10'' cmP3. 

The Ge compositions, layer thicknesses and the doping 
levels of the samples were designed around various constraints. 
Three Ge compositions were selected: lo%, 17%, and 25%. 
Overall device design precluded us from keeping the Sil-,Ge, 
layers below the Matthews-Blakeslee critical layer thickness 
limit [33], as would have been desirable. However, in every 
heterostructure, the total SiGe thickness was kept below ex- 
perimental reports of high quality fully strained but metastable 
layers [34]-[41]. This means that our samples are probably in 
a relaxation-prone state. To ensure that the Sil-,Ge, layers 
remain fully coherent after device fabrication, we designed all 
post-growth thermal steps so that the processing temperature 
do not exceed the growth temperature of the heterostructures. 

Optimal doping values of the Sil-,Ge, layers were selected 
based on computer simulations. From discussions in the previ- 
ous section, we can choose to minimize the errors associated 
with the band-bending at the accumulated cathode-insulator 
interface, $JC( V, T ) ,  under an applied bias by increasing the 
doping concentration of the Sil-,Ge, layers. However, we 
avoided doping the layers so much that we had to worry 
about heavy doping effects. For a composition around 17%, 
the impact of doping was experimentally studied by growing 
an additional sample with SiGe layers doped degenerately. We 
also grew two samples at z = 17% with different Si barrier 
thicknesses to test the impact of insulator thickness on the 
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with .I' = ,17.5%. 

SIMS protile of a calibraticin sample gi-own on lightly doped substrate 
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Fig. 6. Cros\-sectional TEM profile of calibration sample with I' = 25%. 

tunneling current across the barrier at small biases, a parasitic 
path to be minimized. 

After heterostructure growth, device processing proceeded 
as follows [42j. Mesa isolation was performed by dry etching. 
The mesa dimensions, ranging from fi.25 x IOp6 to 9 x lor4 
cm2, are smaller than the LOCOS windows as shown in Fig. 4. 
The mesa sidewalls were then passivated by depositing 3000 8, 
of low-temperature oxide (CTO) at 400°C. Contact holes were 
opened by first using reactive ion etching (RIE) to remove all 
but SO0 8, of the oxide. The remaining oxide was later removed 
in a 50:l H20:buffered HF solution. Thio scheme prevents 
overetching into the thin Si cap layer. We contacted the wafer 

AI-l%Si. The Ti barrier layer prevented the AI from spiking 
through the thin Si cap layer and destroying the device during 
contact sintering. The wafer back was contacted using I pm of 
AI-I%Si. After patterning the metal, the contacts were sintered 
in forming gas at 400°C for 30 minutes. 

The wafers were subsequently die-sawed and mounted 
into chip carriers for temperature-dependent measurements 

I front by first sputtering a 1000 8, Ti layer followed by 1 pm of 

I 
1 
I 

I O " ,  I I , , , q 

RELATIVE BRAGG ANGLE (arc-seconds) 

Fig. 7. Meawed (bottom trace) and simulated (top three traces) (OU4) 
DoubleCrystal X-ray Diffraction spectra of calibration \ample for I. = 
173%. The best simulated tit to data is corrected +O.Sc/r due to Vegard's 
law deviation\ 1431. 

in  a variable-temperature liquid-helium cryostat system. The 
cryostat controlled the temperature from 4 to 250 K with a 
rewlution of I K. With the wafer back at ground and voltage 
applied to the device front, current-voltage characteristics were 
obtained. 

IV. RESULTS 
The heterostructures were characterked by a variety of 

techniques. Layer thicknesses were derived from extensive 
calibration prior to the device runs using secondary ion mass 
spectroscopy (SIMS) and cross section transmission electron 
microscopy (XTEM), as shown in Figs. 5 and 6 .  respectively. 
The combination of these measurements give an uncertainty 
in layer thicknesses of less than 10%. Ge composition was 
determined from Rutherford back scattering (RBS). symmetric 
(004) double-crystal X-ray diffraction (DCXD) (Fig. 7). and 
Auger spectroscopy. A close fit between the raw RBS spectra 
and the computer simulation based on layer thicknesses de- 
rived from XTEM data was obtained for sample D7. Auger 
spectroscopy on the same sample confirms the Ge composition 
of 25%. The DCXD data in  Fig. 7 shows a good fit between 
the raw spectra and the results of a simulation using dynamic 
diffraction theory for sample D9 ( : I ,  = 17%). All compositions 
were corrected by known deviations to Vegard'c law [43]. 
This was a small correction. For example, for sample D9 
it represents only an increase in the Ge mole fraction from 
17% to 17.5%. All together, the Ge composition is obtained 
to within one percentage point. Asymmetric ( 1  IS)  DCXD 
revealed that with the exception of the sample with . I '  = 25%, 
all heterostructures are fully coherent within the resolution of 
the technique. The sample with :I' = 25%) was found to be 
25%' relaxed after growth. 

The doping levels are obtained from SIMS (Fig. 5 )  with a 
resolution of 30%. Fig. S reveals a boron doping concentration 
between 5 x 10'G and 2 x cm-3 in the nominally undoped 
Si barrier. This is probably due to unintentional boron in the 
ultra-high-vacuum chamber during the barrier layer growth. 
We will discuss the implications of this doping to the extraction 
of AE,.  measurements in the next section. 
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selected temperatures. Device area is 4 x 

Current-voltage (I-V) characteristics for a x = 16.5% sample for 
cm2. 

Typical I-V characteristics measured between 4.2 and 250 K 
for sample D4 (z = 16.5%) are shown in Fig. 8. The current 
increases with bias and temperature and it is rather symmetric 
around V = 0. From measurements in neighbouring devices 
with different dimensions, we determined that the device 
current scales linearly with the mesa area in the temperature 
range where thermionic emission dominates. Since the current 
densities are very small, less than 100 A/cm2, series resistance 
effects are negligible. 

For selected biases, Fig. 9 shows the current density, J, 
versus 1000/T. In this sample, J displays three regimes as 
a function of temperature. For T > 160 K, J appears to be 
insensitive to T and is probably limited by hole drift through 
the i-Si barrier. In an intermediate temperature regime, J 
drops exponentially with T, indicating a dominance of hole 
thermionic emission. For T < 77 K, J becomes independent 
of T as hole tunneling prevails. The rather narrow tempera- 
ture range where Fig. 9 shows that the current is thermally 
activated illustrates the problems with measuring small AE, 
values discussed in Section 11. While nothing can be done 
about the high temperature end of the thermionic emission 
regime, the low T portion of it can be extended by minimizing 
tunneling. This demands the use of very small biases and 
relatively thick barriers. Fig. 9 in fact shows that tunneling 
currents are reduced hundredfold at T = 50 K when the bias 
is reduced from 100 mV to 20 mV. In contrast, the thermionic 
emission current at T = 100 K is only reduced tenfold. 

Fig. 10 shows the Arrenhius plot of (12) for the same 
sample as Fig. 9 for selected positive biases. The Arrenhius 
plot exhibits three regimes similar to those in Fig. 9. In 
the intermediate thermionic emission regime a least squares 
method was used to fit the data with a straight line that spans 
at least three orders of magnitude for all sampIes. The slopesAof 
the fitted lines yield the effective energy barrier height, AE,, 
at various fixed positive biases. We display the extracted AE, 
values as a function of bias in Fig. 11 for several heterodiodes 
at different Ge compositions. 

As expected from theory, AE, increases as bias is re- 
duced because the accumulated band bending of the injecting 
Sil-,Ge, layer diminishes. In our voltage convention, ex- 
trapolating AE, to zero bias from the right or positive 

t I - 1  

j THERMIONICY- - 
DRIFT/ EMISSION ~ TUNNELING 

1 

i o 3  

i o 4  -~ 

a 
~ 

3 5 7 9 11 13 15 17 19 
lWO/T(l/K) 

Fig. 9. Current density versus 100OR for x = 16.5% sample as a function of 
bias for selected temperatures showing three distinct current transport regimes. 

-2 - I 

0 0 0 0 0 0 0  
0 

3 a 20 50 mV mV \: ~ o - g o u n  a 

0 70 mV 
0 100 mV o ~ o o o O O o  0 
- linear fits to thermionic emission regime 

-1 1 I 
3 5 7 9 11 13 15 17 19 

lOOO/T (1IK) 

Fig. 10. Arrenhius plot for z- = 16.5% Ge sample for fixed positive biases. 
Least squares fit are performed in the thermally activated regime and are 
shown as solid lines. 

bias in Fig. 11 gives AE, for the front interface. Similarly, 
extrapolating from the left or negative bias gives AE, for the 
back interface. Table I1 collects these extracted AE, values as 
a function of Ge composition under the heading “uncorrected.” 
Corrections are required to account for the residual doping in 
the Si barrier layer. This is discussed in the next Section. 

V. DISCUSSION 

SIMS analysis in Fig. 5 reveals that the nominally undoped 
Si barrier layer is moderately doped p-type to about 1 x 
1017 cmP3. This was found to be the case for all samples. 
This unintentional doping results in the formation of two hole 
accumulation regions on the Sil-,Ge, side of the Si/Sil-,Ge, 
interfaces even in the absence of any applied bias. In this 
instance, our method of extrapolating AE, to zero bias will 
underestimate the true AE, by the amount of the band 
bending, as shown by (8): 

In order to account for this band bending, we have to 
calculate the surface electric field at both interfaces of the Si 
barrier. This calculation is simplified by the fact that simple 
modeling of the position of the Fermi level with respect to the 
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Fig. 1 I. Effective heterodiode barrier height, AEc7,  as a function of bias at 
three different compositions. For each composition, measurements on several 
diodes are shown. 

TABLE I1 
TABLE OF FINAL RESULTS UNCORRECTLD-AE, REFERS TO RAW DATA 

RESULIING FROM THE EXTRAPOLATION OF A E ,  TO ZERO BIAS (SEE FIG 13) 
q( 0 IS THE AMOUNT OF BAND BENDING DUE TO THE RESIDUAL DOPING IN 

THb INSULATOR AE, IS THE FINAL VALENCE BAND DISCONTINLITY 

I I back I 44 I 19 I 63 
D4 I 16.5 I front I 96 I 18 I 114 

back 
103 

back 84 
142 150 

back I26 I34 

valence band at the center of the barrier indicates that at the 
temperatures of interest all boron dopants in the barrier layer 
are ionized and the barrier layer is entirely depleted of holes. 
Then, the electric field at both interfaces with the barrier at 
zero bias can easily be obtained from: 

where N I  is the ionized boron doping concentration in the 
insulator layer. Here, we have assumed that the structure is 
symmetrically doped and hence &c = €;1 for both the cathode 
and anode layers at zero bias. 

After obtaining the surface electric field from (14), we 
numerically solve for the temperature dependent band bending, 
$CO ( T )  = ( T ) ,  at zero bias from (3) and (4) in the temper- 
ature range in which thermionic emission dominates. We found 
that q i c ( ~ ( Y ' )  is quite insensitive to temperature in this range. 
Table I1 lists the average value of $co(T) for the different 
samples. We obtain the final AE,. value by adding $co(T) 
to AE,,. The final AE,, values are collected in Table 11 and 
graphed in Fig. 12 as a function of Ge composition. 

200 
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160 1 front interface 
140 
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U' 80 
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Ge composition (%) 

Fig. 12. 
function of Ge composition. The error bars are shown in solid lines. 

Extracted A E t  for front and back interfaces for all samples as a 

Error bars for A,E. are derived from analyzing the spread 
of extrapolated AE, values to zero bias, the variation of the 
zero bias band bending correction in the thermionic emission 
temperature range ~ c o ( T ) ,  and the uncertainty of active 
dopant levels in the Sil-,Ge, and Si barrier layers. The errors 
from these three sources are added quadratically and are shown 
as vertical solid lines in Fig. 12. As determined in the previous 
section, the error in the Ge composition is f l  percentage 
points. Errors arising from our choice of material parameters 
were verified to be substantially smaller than the experimental 
uncertainty. This is because the method relies on the change 
of current with temperature and not on the absolute value of 
the current. As a result it is the temperature dependence of 71 
that we must model accurately and not its actual value. The 
choice of material parameters has a very weak impact on the 
temperature evolution of TI. 

Fig. 12 shows that AE, increases with Ge composition 
in an almost linear fashion. Except for the 10% Ge sample, 
the back interface generally has a lower AE, value than the 
front interface by an amount between 10 to 20 meV. This 
difference cannot be atributed to the slight doping asymmetry 
observed by SIMS. It might however be due to different 
interface quality at the two heterojunctions that possibly arises 
from interface roughness [44]. For high Ge compositions, 
the growth front of the Sil-,Ge, layer becomes rough on 
a microscopic scale [44]. When an unstrained Si layer is 
deposited on top, it smooths out the growth front. As a result, 
the back interface is in general expected to be rougher than 
the top one for high Ge compositions. This is consistent with 
our observations. 

The results obtained on the three samples with Ge compo- 
sitions around 17% provide great confidence in our extraction 
technique. Two of these samples are identical with the ex- 
ception of the Si barrier which is 500 8, for one sample and 
250 8, for another. The obtained values of AE, are within 
the resolution of the measurement. This confirms that our 
extraction technique is not affected by tunneling and that the 
residual B doping in the Si barrier is correctly accounted 
for. In a third sample, the doping level in the SiGe layers 
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Fig. 13. Summary of experimental measurements of A E c ,  in strained 
Sil-,Ge,/Si on (100) Si. 

was increased by two orders of magnitude. The AE, values 
extracted from this sample for the anomalous back interface 
are low but those obtained for the well behaved front interface 
are identical to the other samples of the same composition 
within the accuracy of our technique. 

Our obtained AE, value for = 25% lies below an 
extrapolation of our results for z = 10 and .I: = 17%. This is 
most surely due to the fact that this sample is 25% relaxed, as 
mentioned above. A drop in AE, with the loss of coherence 
is expected theoretically [lo], [ l l ]  and has been reported 
experimentally [9], [ 181, [45]. 

We compare our experimental AE, results for the top 
interface with those reported by other authors in the range 
of 0 < z < 25% in Fig. 13. Only experimental data for fully 
coherent layers is included in this figure. We find that our data 
agree well with those of Brighten et al. [19], [20], Ni et al. 
[ 121, Wang et al. [ 151, and Iyer et al. [9]. The data set from Iyer 
et al. [9] was obtained on graded-base Si/SiGe HBT’s and is 
indicated by the space enclosed by the broken lines in Fig. 13. 

In King’s experiments [13], AE, is extracted from the 
comparison of HBT characteristics between two wafers with 
identical structures but different Ge compositions in the base. 
This is a rather indirect procedure which is error prone. 
Futhermore, the bases of the HBT’s were degenerately doped 
with B. If bandgap narrowing in Si and Sil-,Ge, is different 
for the same doping level, this difference will show up 
in the final AE,, value. Nauka er al. [18] performed their 
measurements by means of admittance spectroscopy. This 
technique is vulnerable to traps. 

A fit to our data for the top interface of fully strained 
samples yields AE, 2: 6.42 meV. The agreement between 
our transport-type device extraction method and other tech- 
niques as different as C-V [19], [20], X-ray photoelectron 
spectroscopy [ 121, as well as indirect determinations from 
HBT’s [9] and modulation-doped heterostructures [ 151, pro- 
vides substantial confidence in the value of AE, between 
strained SiGe and (100) Si for small Ge compositions. Our 
error bars, however, preclude us from making any mean- 
ingful statements about the magnitude of AE,. This will 
require special-purpose heterostructures that rely on electron 
transport. 

VI. CONCLUSION 

We have carried out a transport-based device-type measure- 
ment of the valence band discontinuity of strained Sil-,Ge, 
on (100) Si using SIS heterostructures grown by UHV/CVD 
for 10 < z < 25%. A new analytical procedure is demon- 
strated that allows the extraction of small AE,, values. Our 
experiments indicate that AE, N 6.42 meV for 0 < .T < 
17.5%. Our results also consistently indicate that for z > 
lo%, the bottom Si/Sil-,Ge, interface has a smaller AE, 
than the top interface. This finding might arise from strain- 
induced interface roughness at the bottom interface that is 
smoothed out by the intermediate Si barrier layer. 
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