ks = Seff: Vih [4.7]
where vy is the thermal velocity of the oxygen molecules and Seff is the effective
sticking coefficient of oxygen on the growing surface. Seffis bounded by zero and one (0
< Seff <1). For each temperature in our experiment, we can approximate the effective
sticking coefficient. To do so, we assume that below 750 °C, desorption of oxygen from
the wafer surface is negligible and that the thermal velocity of the oxygen is determined
by the substrate temperature and follows a Mawellian distribution of velocity given by

. kgT,
2
Vth (Zn BMS(O))l [4.8]

where M(O) is the mass of oxygen and Ts is the substrate temperature. Combining Eqns.
4.6 through 4.8, we arrive at an estimate of Sefr. The values for Sefr are listed in Table
4.1 for each growth temperature. All values for Segf are on the order of 10-4. This is two
orders of magnitude lower than the sticking coefficient of oxygen on a clean silicon
surface as determined by Hagstrum, Lander et al. and Ghidini er al. (Refs. 15,10-12 of
Ch. 2)
4.6 Discussion of the Reduction of Oxygen Incorporation in CVD

We associate the reduction of the oxygen incorporation to (1) the hydrogen
passivation of the silicon surface (reduced Seff) and to (2) the formation of the boundary
layer leading to a reduced oxygen concentration at the wafer surface. The reduction in kg
is due to the reduction of the effective sticking coefficient, which is a property of the
surface reaction. We associate this decrease in surface reactivity to oxygen with the
hydrogen passivation of the surface. An equélly effective way to reduce the oxygen
contamination at the surface of the growing film is to create a large boundary layer to
reduce the mass-transfer coefficient and hence the number of oxygen molecules which
can interact with the surface. We have determined that the mass transfer coefficient (hg)
and the surface reaction coefficient (ks) are related by the ratio, B, of Eqn. 4.6 and that

they are of the same order of magnitude. This implies that they are both important to our
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experiments. Since their effects on the stickin g are additive in nature and not
multiplicative, they both have the effect of reducing the effective sticking coefficient by a
factor of the order of 100. For instance, if the surface reaction were to occur infinitely
fast (kg = o°) and hg is fixed at the measured value, the incorporated oxygen concentration
would increase by only a factor of approximately two. The same result occurs if the mass
transfer were infinitely fast (hg = 0, which means the an infinite surface velocity and Segr
—> 1) and the surface reaction rate retains its measured value.

We have neglected the desorption of oxygen from the silicon surface in our model
for oxygen incorporation under the assumption that we are well below the desorption
temperature for SiO. The line in Figure 2.1 (the Lander and Morrison data) corresponds
to the situation where the desorption rate of SiO equals the sticking rate of oxygen.
Under UHV conditions, the hit rate of oxygen is governed by the kinetic theory of gases.
Therefore, we can estimate the desorption rate of oxygen from the silicon surface using
the data of Lander and Morrison. The oxygen flux incorporating in the layers of our
experiment is approximately 5 x 1013 cm-2sl. According to the Lander experiment, the
desorption temperature to accommodate this incoming flux is approximately 850 °C. At
750 °C, the desorption flux (from the Lander experiment) is approximately 7 x 1011
cm2s1. Thus, we see that our assumption of negligible desorption below 750 °C is valid.

The reduction of the sticking coefficient with surface coverage is not entirely
unexpected. Hydrogen passivation is expected to tie up surface bonds. Therefore, the
likelihood that an impinging O, molecule will be chemisorbed is greatly reduced.
Assuming one open site is needed for adsorption according to first order Langmuir
adsorption, as shown in Fig. 4.2, the predicted reduction in Segr is a factor of 200. This is
because the simple thermodynamic model of Chapter 2 predicts a surface coverage of
hydrogen of 99.5% at 750 °C and a background hydrogen pressure of 6 Torr. It should be
noted that if oxygen can physisorb and migrate on the surface to find a site, then the

improvement will not be noticed except at a very high surface coverage, as qualitatively
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Figure 4.2. Schematic plot of the sticking coefficient of oxygen on the surface of silicon.
The ideal case is that of first order Langmuir adsorption where the sticking probability
drops linearly with the number of open sites. Not many molecules follow this model.
Most molecules are allowed to physisorb to the surface and migrate until a site is found to
chemisorb. In this situation, the sticking probability is relatively insensitive to surface
coverage until most of the sites are covered. This plot is only a schematic representation
for oxygen on silicon; the actual critical points are not known.



shown in Figure 4.2. The value of the oxygen sticking coefficient in the UHV clean
surface case is ~ 10-2 and in the CVD case it is ~ 104, a difference of a factor of ~100.
This is close to the first order Langmuir prediction.
4.7 High Purity CVD Growth

Since the incorporation of oxygen in the growing silicon film is reduced by 100
due to hydrogen passivation and boundary layer effects, we can tolerate 100 times more
oxygen in the gas flow than expected from the experiments performed on a clean silicon
surface in UHV. This in turn means that in order to grow a silicon or silicon-germanium
film below 750 *C ( at a growth rate of 500 A/min at 10 Torr with an oxygen
concentration in the film of less than 1018 cm3 (the peak solid solubility of oxygen in
silicon), we can tolerate 100 ppb oxygen in the total gas stream (100 times more than
calculated from the classical Lander and Morrison curve in Fig. 2.1). This is a level well
within the specifications of semiconductor gas purifiers available on the market today. At
10 ppb (approximate limit of purifiers), we can grow down to rates of 50 A/min.
Although our experiments are for O, similar reduction in oxygen incorporation due to
residual water vapor would be expected. To confirm this, we have grown many low-
temperature silicon and silicon-germanium epitaxial layers in our reactor without oxygen
introduction and with a load-lock to prevent contamination. Figure 4.3 shows a SIMS
plot of a silicon-germanium layer grown at 625 *C (100 A/min.) with a structure similar
to that of Fig. 3.6. However, in this case, the oxygen concentration in the silicon-
germanium layer has been reduced to the background resolution of SIMS. Similar levels
of oxygen in silicon grown at 700 °C (30 A/min.) with DCS have been obtained. This is
the first time that such low-oxygen concentrations have been obtained in non-UHV
silicon CVD epitaxial layers. This is of tremendous technical importance for

manufacturing.
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Figure 4.3. SIMS plot of silicon-germanium grown at 625 "C with little oxygen
contamination. The oxygen concentration is below the detection limit of SIMS. This
sample was grown after the load-lock was installed on the system. The load-locks
prevents oxygen and water vapor from contaminating the chamber between depositions.



The central experimental results of this thesis on oxygen incorporation in silicon
and silicon-germanium have made improvements in new devices possible. The improved

properties for devices will be discussed in the next chapter.
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Chapter S

Electronic Properties

Introduction
All semiconductor devices rely on recombination-generation processes whether the
lifetimes are long, as needed in p-n diodes, or short, as required in high speed
photoconductive switches. The electronic properties of the silicon and silicon-germanium
strained layers were determined by studying the minority carrier lifetimes of the films. We
studied both the generation and recombination lifetimes of the films by fabricating several
device structures with oxygen concentrations of various levels. For quantitative
measurements we studied heterojunction bipolar transistors and MOS capacitors, and for
qualitative measurements of recombination lifetimes we studied a basic optoelectronic
property of the silicon-germanium.
Recombination-Generation
Here we briefly discuss recombination and generation and review some of the

important characteristics of semiconductors and the effects they have on carrier lifetimes. A



semiconductor in a non-equilibrium state of carrier depletion will attempt to return to
equilibrium by the generation of carriers. Mechanisms for carrier generation are depicted in
Figure 5.1(a). Carriers can be generated by band-to-band generation where an electron in
the valence band absorbs energy (an amount 2 Eg) and jumps into the conduction band
leaving behind a valence band hole. This process can also take place by utilizing mid-gap
states. The electron in the valence band absorbs a small amount of energy and jumps to an
energy level in the forbidden gap; by absorption of another small amount of energy, it is
excited into the conduction band. The final product of these two mechanisms is the same:
an electron in the conduction band and a hole in the valence band.

Recombination, on the other hand, is the reverse process. In a non-equilibrium
situation where a surplus of carriers resides in the semiconductor, recombination occurs to
drive the material back into equilibrium. Recombination methods are depicted in Figure
5.1b. Carriers can be annihilated by band-to-band recombination or through mid-gap
states.

Band-to-band optical recombination and generation processes are extremely slow in
silicon and germanium because of their indirect band gaps. Phonons are required in order
to conserve momentum. However, these processes can be mediated by localized states in
the band gap. As the number of mid-gap states in the material increases, the rate of carrier
generation and recombination increases, allowing the recombination and generation
processes to occur quite rapidly. These states can be formed in silicon by the incorporation
of transition metals such as Fe, Au, and Cu but also by defects. We will show that the
addition of large amounts of oxygen which can incorporate in silicon when grown at low

temperature can form these states.
5.3 Generation Lifetime Measurements

5.3.1 Pulsed MOS capacitor / Background
A pulsed metal-oxide-semiconductor (MOS) capacitor technique was used to

determine the generation lifetimes of the films by employing a Zerbst analysis [1] to extract
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Figure 5.1. Schematic diagrams of carrier (a) generation and (b) recombination. Both
processes can occur directly across the band gap or indirectly through mid-gap traps. In
indirect band gap materials such as silicon and silicon-germanium, direct recombination and
generation are slow and mid-gap states are needed to speed the recovery.
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numerical values for generation times We probed the minority-carrier generation
properties of Sij.xGex by driving an MOS capacitor into deep depletion and monitoring the
recovery of the device from the deep depleted state to the inverted state. This is seen as an
increase in capacitance due to the shrinking of the depletion region in the semiconductor by
the creation of minority carriers. There is a direct relationship between the rate of recovery
of a capacitor from deep depletion and the minority carrier generation time. Long
generation lifetimes are important for devices such as p-i-n photodiodes [2] and
heterojunction bipolar transistors [3] (HBT) which require low leakage junctions under
reverse bias. A more complete description of the technique follows.

The layers under study in this experiment were grown in the susceptor-free, rapid
thermal chemical vapor deposition system described in Chapter 3. The substrates were
four inch, p-type, <100> Cz silicon with resistivities of 1-10 Q-cm. The chemical clean
and the in siru hydrogen clean are also the same as described in Chapter 3.

Each structure was initiated with a 1.5 pm buffer layer followed by the active area
of the device. The active region consisted of a 30 nm Sig g2Geg. 18 strained layer grown at
625 *C and a silicon cap layer of 30 nm grown at 850 °C for 30 seconds to simulate our
standard heterojunction bipolar transistor growth process. All layers were doped p-type to
a level of ~3 x 1017 cm-3 with boron. The oxygen concentrations in the some of films were
kept below the detection limit of SIMS (~ 2 x 1018 cm3) while in other samples the oxygen
concentrations were > 5 x 1019 cm3. A cross section of the device is shown in Figure 5.2
Control samples of all-silicon layers were also grown at 700 *C (similar doping and oxygen
levels) for parallel fabrication and testing. Although not specifically measured in this
study, transmission electron microscopy (TEM) measurements on similar structures
fabricated in our laboratory have shown that the Sij.xGex layers are fully strained with a
negligible number of misfit dislocations (2 10 um spacing).

The gate dielectric of the capacitors were formed by both plasma deposition of SiOp

and thermal oxidation of silicon Strain relaxation, and hence the formation of interface
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Figure 5.2. Capacitance structure used for testing the generation lifetimes of the
Sig 82Geg.18 strained layer. The capacitor is pulsed into deep depletion and monitored
during recovery to inversion.
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defects, in the Sip82Geo.18 film was avoided by using a low-temperature (400 °C) plasma
deposition of silicon dioxide (10 nm) followed by a 600 °C anneal in nitrogen The
nitrogen anneal served to increase the dielectric strength of the material. A thermal oxide,
grown at 800 °C in dry O, was also used as the gate insulator on some devices.

In all devices, the oxide/semiconductor interface was formed with silicon instead of
silicon-germanium. (The SiO2/Ge interface has been observed to have poor electrical
properties [4].) Since the thermal oxide consumes silicon, the cap layer of silicon in the
final thermal oxide structures is estimated to be 25 nm thick as shown in Figure 5.2. The
aluminum gate and guard ring were formed by thermal evaporation, followed by
photolithography and etching. The guard ring surrounding the gate provides a means of
limiting the active area of the device.

High frequency (1 MHz) capacitance-voltage curves of the capacitors showed well
defined regions of accumulation, depletion and inversion for both the silicon and silicon-
germanium buried layer capacitors. The dopings and the oxide thicknesses extracted from
the curves were consistent with the values discussed earlier. Straightforward calculations
show that the depletion layer in inversion contains the buried layers of silicon-germanium.
Generation lifetimes were measured by applying a voltage pulse to the gate of the capacitor
and monitoring the recovery of capacitance from deep depletion (Figure 5.3) as in the
Zerbst [1] technique.

5.3.1.1 Theory

The Zerbst analysis consists effectively of plotting the generation rate vs. generation
volume of the capacitor with the slope of the plot being related to the generation lifetime.
By analyzing the change in depletion layer width with time and relating it to the device

capacitance, the following (Zerbst) relationship for bulk semiconductors is found: [1]

dl )z TgNAcl(% ) 1) B4

where C,, C;, and C are the oxide capacitance, inversion capacitance, and the instantaneous

74



190 : :

| I

180 = =
m 170 =
N
8
g 160 0.2 V Pulse -
.g 0.5 V Pulse
g
o 150 0.7 V Pulse -

140 + /° -

130 )| 1 I |

0 10 20 30 40 50
Time (s)

Figure 5.3. Capacitance recovery vs. time. Three different voltage pulses were applied to
this capacitor, 0- 0.2 V, 0- 0.5 V, 0 - 0.7 V, and the capacitance was recorded with time.
The capacitors recover from deep-depletion to inversion (Cjny is shown on the plot).
Notice that the recovery times increase with increased voltage pulse.
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capacitance, nj is the intrinsic carrier concentration, Nj is the doping concentration and Tg
is the generation lifetime. However, because of the multilayer heterostructure, the details
of generation must be examined before the above equation can be used and lifetimes
extracted.

Generation processes in bulk semiconductors can be modeled by the Shockley-

Hall-Read equation:

N+(n? -
U= viNT(D; - np) 5.2]
1/6n (n + ny) + 1/0p (p + p1)

where n and p are the concentrations of electrons and holes, respectively, v, is the thermal
velocity of the carriers, N is the trap density and oy, and Gp are the capture cross sections
of the traps for electrons and holes, respectively, and

n; = n; e(ET - EDAT [5.3]
and |

p1 = n; e(Ei - EDAT [5.4]
where ET is the energy level of the trap and E; the intrinsic Fermi level.

The generation process dominates only if the np product is less than niz. If we

assume Op = Op = © and that Et = E; for simplicity, we find:

o2
G= [5.5]
To (n + p + 2n;j)

where 1o = (6NTvh)-l. From this expression it is clear that the generation rate is
maximized when n and p are both less than n;j. In this case, G is commonly written as
ni/Tg, where Ty = 21, is called the generation lifetime. This expression cannot be applied to
the entire depletion region because the carrier concentrations decrease with a finite slope
when moving from neutral (high carrier concentration) regions to depletion regions. The
situation is further complicated in our multilayer structures since the band gap of the
Sip.82Geo.18 layers is less than that of the silicon layers, resulting in a larger intrinsic

carrier concentration. Under conditions where n or p is greater than nj, G can be much less
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than nj/tg resulting in an over-estimate of the generation lifetime. This subtlety is often
overlooked in many experiments resulting in reports of an incorrectly high 1.

Assuming a band gap reduction of 150 meV in the Sig g2Gep,18 compared to silicon
[5], n; in the Sig g2Geg.18 is approximately n;(Si)-exp(150meV/2kT) = 2.6 x 10! cm™3 at
room temperature. To illustrate this point, Fig. 5.4 shows the logarithm of the calculated
carrier profiles as a function of depth into the capacitor at two different times during the
recovery from deep depletion to inversion for a gate-substrate voltage pulse from 0 to 0.7
V. This voltage range operates the capacitor in the inversion regime for the total range of
its recovery. This diagram can be constructed in a straightforward manner from the
capacitance assuming an electron quasi-Fermi level calculated from the inversion layer
density and a flat hole quasi-Fermi level in equilibrium with the substrate. The
discontinuity in the hole concentration reflects the discontinuity in the valence band between
the silicon and the silicon-germanium layers. As was stated previously, maximum
generation will occur in regions where both the electron and hole concentrations are less
than the local intrinsic carrier concentration, n; (n; is shown as the dashed line in Figure
5.4). During the recovery, this region is seen to sample the Sig §2Geo. 18 layer, meaning
that the generation in the Sig §2Geg 18 layer is not artificially suppressed because of high
carrier concentrations. This understanding of the generation-recombination processes in
semiconductors is needed when interpreting the experimental data.

A standard Zerbst plot is shown in Fig. 5.5 for a Sig §9Geg.18 buried layer structure
with a thermal oxide. However, before relating the slope of the Zerbst plot to the lifetime
as is generally done, two points must be made. If we assume as a worst case that all of the
generation occurs in the silicon-germanium films, the actual generation volume (Si;.xGex
only) is less than the total generation volume (includes Si;.xGex and Si). Examination of
Fig. 5.4 shows this correction, which reduces the extracted Sij.xGex lifetime, by
approximately 50%. Also, the generation rate and hence the recovery time are related by G

= nj/tg. Since the intrinsic carrier concentration (n;) depends upon the band gap, one must
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Figure 5.4. Logarithm of the carrier profiles as a function of depth into the semiconductor
at two points in the recovery from deep-depletion to inversion. The dashed line represents
the carrier concentrations when the capacitance is 145 pF while the solid line represents the
carrier concentrations when the capacitance is 170 pF. The discontinuity in the hole
concentration corresponds to the valence band discontinuity at the silicon/silicon-
germanium interface. The effective generation region is seen to sample the Sig82Geo.18
layer.
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Figure 5.5. Zerbst plot of a recovering capacitor. The Zerbst analysis is effectively
plotting the generation volume vs. the generation rate and extracting a lifetime from the
slope. The lifetime is directly proportional to n; and inversely proportional to the slope of
the Zerbst plot. The lifetime of this capacitor is ~ 2 s.
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use n; for Sig g2Gep 18 when calculating tg from the recovery time (slope of the Zerbst
plot). Since generation is a thermally-activated process of emission from traps to band
edges, we expect faster generation in a narrower gap material for identical trap densities and
cross sections. (Lifetime, by definition, depends only on trap density and capture cross-
section). A consequence of this is that the generation rate (G) in the silicon-germanium is
much greater than that in silicon for the same generation lifetimes.

5.3.1.2 Data and Interpretation

The generation lifetime (extracted with the Zerbst technique using the proper
corrections) of the low-oxygen content (<1018 cm-3) Sig g2Geg.18 buried layers is
approximately 1.45 us for the capacitor with a thermal oxide. The lifetimes of the high
oxygen content films (> 1019 cm-3) were much lower and were limited by the measurement
set-up (~ 1ns). This lower lifetime suggests that a deep level trap resides in the oxygen
doped layers. Several capacitors on each wafer were tested for lifetimes and typical values
are scen in Table 5.1. These lifetimes were found using an approximation to the Zerbst
analysis described by Schroder and Guldberg [1]. The generation lifetime found above
using the Zerbst analysis and that found using the approximate method differ only by a
factor of approximately 1.5.

The recovery times (1), shown in Table 5.1, are defined as the time required for the
capacitor to reach 90% of its final capacitance value after application of the voltage pulse.
This parameter illustrates the difference between the buried silicon-germanium capacitors
and the all silicon devices due to the difference in the intrinsic carrier concentrations. The
low-temperature all-silicon capacitors (grown at 700 °C) have total recovery times
approximately 20 times longer than their silicon-germanium counterparts which were
fabricated in parallel.

The larger recovery times in the silicon devices demonstrate that the generation in
the buried Sij.xGex devices is most likely in the Sij.xGex layer and not at the Si/SiO2

interface. (Both samples had Si at the SiO; interface.) If the generation were surface-
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Sample Dopin Oxide Recovery time | Oxygen Conc.

B (x folg cm-3) | type g (Jisec) (sec) (cmig?%
<100> Cz S1 | 0.005 thermal |9 325 <10

<100> Cz o1 | 0.005 deposited | 8 275 <1018
700 'CS1 |2 thermal |2 400 <1018
Si0.82Ge0.18 | 3 thermal |1 26 <1018
Sig82Geo.as | 2 deposited | 1 19 <1018
i |~2 deposited | < 103 | <103 ~1020

Table 5.1. Recovery times and generation times of capacitors with different oxides and
one with a large concentration of oxygen. The silicon heavily-doped with oxygen has a
generation lifetime shorter than the resolution of the measurement. The lifetimes of the
silicon-germanium layers were calculated using the increased intrinsic carrier
concentration for Sip 82Geg.18. The silicon devices were pulsed from O V to 3 V while
the silicon-germanium devices were pulsed from 0V t0 0.7 V.
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dominated, one would expect the total recovery time of the Sij.xGex and the silicon
capacitors to be similar for large voltage pulses. Further evidence that the generation is not
surface related comes from comparing the lifetimes of the capacitors with thermal oxides
and those with plasma deposited oxides. We see that the deposited oxides have lifetimes of
the same order of magnitude. Although the silicon capacitors had recovery times ~ 20
times longer than that of the Sij.xGex capacitors, one finds similar lifetimes in the two
materials because of the difference in their intrinsic carrier concentrations. This implies that
the silicon and silicon-germanium layers have similar trap densities and properties.

We also performed temperature dependent measurements of the total recovery time
on some of the capacitors. Since the generation of carriers is a thermally activated process
from traps to the band edges, this gives us a measure of the trap level within the band gap.
An Arrhenius plot of the recovery time is shown in Figure 5.6. From the slope we find an
activation energy of 0.6 eV which corresponds to the energy difference between either the
trap level and the conduction band or the trap level and the valence band. Our assumption
of the midgap trap level in Eqn.’s 5.3 and 5.4 proves to be reasonable since the band gap
of silicon is 1.12 eV at room temperature.

Since we know the trap level and a maximum carrier lifetime, we can estimate a
capture cross section of the oxygen contaminant. If we assume, as a worst case, we have
one trap per oxygen (1020 cm3 for < 1ns lifetime), the minimum capture cross section is
10-18 ¢cm-2. This is a lower limit since T was the upper limit due to the measurement
resolution for short lifetimes.

By pulsing an MOS capacitor we have probed the minority carrier lifetimes in
oxygen-doped and oxygen-free epitaxial layers. The effect of oxygen on the lifetimes of
the films is dramatic, reducing the lifetimes by at least three orders of magnitude, clearly
demonstrating the detrimental effects of oxygen on the minority carrier lifetimes. The
lifetimes of the low-oxygen concentration films are the longest lifetimes reported for

silicon-germanium strained layers grown by any technique. The long lifetimes demonstrate
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Figure 5.6. Temperature dependence of recovery time for an all-silicon device. The
activation energy of this plot is 0.6 eV.
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that one can make low leakage junctions with this material as needed for heterojunction

bipolar transistors and p-i-n photodiodes.

5.4 Recombination Lifetime Measurements

The recombination lifetimes were studied by analyzing the base current
characteristics of HBT’s. There is an intimate relationship between the gain of a bipolar
transistor and the minority carrier lifetime in the base. The gain of the transistor increases
with the minority carrier lifetime in the base region. Long carrier lifetimes are required to
minimize base currents, thus maximizing current gain. We also used the
photoluminescence properties of the silicon-germanium strained layers to qualitatively
measure the recombination lifetimes of the films. Long recombination lifetimes are
required in indirect band gap materials (such as silicon, germanium and silicon-germanium)
in order to see band-edge luminescence. By studying the properties of the films with and
without oxygen contamination, we have determined the limiting effects on carrier lifetime
due to oxygen in the epitaxial layers.

5.4.1 Heterojunction Bipolar Transistor Characteristics

We studied the base current characteristics of Si/Si.xGex/Si heterojunction bipolar
transistors (HBT’s) to determine the lifetime limiting effects of oxygen on minority carrier
recombination lifetimes. HBT’s are important electronic devices for high speed circuit
applications because they allow heavy base doping while maintaining a high injection
efficiency because of the band gap offset between the silicon emitter and the Sij.xGex base.
Most HBT work has been reserved for compound semiconductor systems such as
GaAs/Al1.xGaxAs [6]) and InP/In;_xGaxP [7] but the potential compatibility of Sij.xGex
with silicon VLSI manufacturing technology is especially attractive. It is also possible to
study the effects of oxygen on homojunction devices, but for historical reasons we chose to
study Si;.xGex-based HBT base currents.

In the first Si/Si).xGex/Si HBT’s grown by low temperature CVD, by C.A. King et

al. [3] at Stanford University, oxygen concentrations reached levels of 1020 cm-3 in the
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base regions. These were the first HBT’s in silicon-germanium to exhibit an ideal collector
current increase with the addition of germanium to the base. At the time, it was wondered
if the oxygen was actually necessary for ideal I transistor characteristics. In these devices,
however, the base currents were not ideal and the high oxygen content in the base region
was blamed for the degradation. By removing the oxygen from the films, we were able to
study the effect of oxygen contamination on the base current characteristics and also report
the first ideal base currents in Si/Si;.xGex HBT’s grown in a non-UHV environment [8].
The following discussion assumes a knowledge of bipolar transistors - an excellent
reference for the physics of HBT's can be found in the doctoral thesis of E.J. Prinz [9] and
also a review article by Iyer [10].

5.4.1.1 Theory

Figure 5.7 shows the band diagrams for a silicon homojunction bipolar transistor
(BJT) and a Si).xGex HBT (both npn structures). The layers of the HBT are similar to the
semiconductor layers used in the capacitor of Figure 5.2 with the appropriate doping types.
The collector and emitter regions of both devices are formed in silicon but the base region
of the HBT is formed by strained Sij.xGex and hence has a narrower band gap. The
collector current in the device is determined by the number of electrons which can surmount
the potential barrier between the emitter and base and traverse the base region to be
collected at the opposite side of the device (collector). Because of the band alignment of the
Si;1.xGex, the barrier seen by the electrons at the emitter-base junction is lower in the HBT
than in the BJT by an amount AEg This lowering of the barrier in the HBT leads to an
exponential increase in the collector current over the BJT (I¢ HBT = Lt BIT
exp(AEg/kT)[11]). Since the transistor gain (8) is proportional to L, B increases by the
same exponential factor.

The base current, on the other hand, is ideally independent on the band gap
difference of the Sij.xGex. In general, there are four main sources of base current in

heterojunction bipolar transistors. The primary source of base current in injection-
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Figure 5.7. Band diagram for a heterojunction bipolar transistor and a silicon
homojunction device. The the base region of the HBT has a narrower band gap which
leads to a lowering of the conduction band in the HBT compared to the BJT. This
lowering of the conduction band increases the gain of the device. Also shown are the
collector current and the base current.
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efficiency limited devices is due to the back injection of holes from the base to the emitter
(or holes in the base region which surmount the potential barrier to be injected into the
emitter) (Ip1 in Fig. 5.8(a)). As can be seen in Fig. 5.7, the barriers experienced by the
holes in the HBT and the BJT are identical, and consequently the base currents of the two
devices should be equal, to first order. The base currents are, however, greatly increased if
the minority carrier lifetimes in the silicon-germanium are very low.

The three other sources of base current are neutral base recombination (Ip2),
recombination in the narrow band gap material of the emitter-base depletion region (Ip3),
and recombination on the emitter side (lightly doped side) of the emitter-base metallurgical
junction (Ipg) (see Figure 5.8). The total base current density in a narrow band gap base
HBT with uniform base doping and germanium profiles, where the minority carrier

diffusion length is much greater than the base width, can be expressed as: [12]

Dgn2. ,Wgn2 1.7n2. xp
Ei 1 Bi Bi \}
SN L S RLLL PR
E WE 8 NB NB tBB
1gng; W V
+ g o ER exp (P [5.6]

where DE is the minority carrier diffusion length in the emitter, Wp and WE are the
metallurgical widths of the base and emitter, respectively, tp is the minority carrier lifetime
in the neutral base, Tgp is the lifetime in the base-emitter space charge region on the base
side of the metallurgical p-n junction (narrow gap) and TgE is the lifetime on the emitter side
of the base-emitter metallurgical junction (wide gap). Np is the base doping, Ng the emitter
doping, and xp the depletion width extending into the base region from the metallurgical
junction. We distinguish the difference between the intrinsic carrier concentrations in the
base (ngj) and emitter (ng;) regions. However, they are related, to first order, by ng; = ng;
exp(AEg/kT). The first term in Eqn. 5.6 is due to back injection of holes into the emitter
(Ib1), the second term is due to neutral base recombination (Ip2), and the third term is due

to recombination in the emitter-base space-charge region extending from the heterojunction
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Figure 5.8. Base current components in bipolar transistors. (a) the four primary base
currents of a bipolar transistor are: Iy,; due to back injection, Iy, due to neutral base
recombination, Ip3 and Ips due to recombination in the depletion region between the
emitter and the base. (b) is an expanded view of recombination in the space-charge
region. Ipg is the recombination on the lightly doped emitter side of the junction while
Ip3 is due to recombination in the depletion region on the heavily-doped, narrow-gap side
of the junction. For Ip3 to dominate, the lifetime in the heavily doped material must be
much shorter than the lifetime in the lightly doped material.
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to the neutral base and the fourth term is recombination in the space charge region on the
emitter side of the p-n junction.

The first two terms and the fourth term of Eqn. 5.6 are standard base current
components associated with bipolar transistors and are described in detail in Ref. [23] of
Ch. 1. Current components Ip) and Ip2 have an exp(qQVER/kT) dependence and are termed
'n=1' currents referring to the ideality factor associated with p-n junction diodes. The
slope of an ‘n=1" current on a semi-log plot of current and voltage is ~ 60 mV/dec. The
fourth current (Ip4) component has an exp(qVEBR/2kT) dependence and is termed an ‘n=2’
current, which on a semi-log plot has a slope > 60 mV/dec. The third term is different,
however, from typical recombination current designations and is also an ‘n=1’ current
component. Appendix I contains the derivation of the two space charge recombination
currents (Ip3, Ip4) and shows the subtle differences in the assumptions that enter into the
their determination. The characteristics of ‘n=1" and n=2’ currents will be important for
data interpretation.

The gain of the heterojunction bipolar transistors can be related to the minority

carrier lifetime by dividing Eqn. 5.6 by the collector current of an HBT [11]):

[5.7]

assumning a flat germanium and doping profile in the base. Since B = I¢/Ig = J¢/Jg we find
the reciprocal of the HBT gain to be:
2
W,
l-(NnWB Dg )+%( B )+(l.7x3w3)
Dp TBEB
1 mgiNg WER Wp -QVER
+ 5 e 5.8
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The first term, again, dominates when hole injection into the emitter is the largest form of
base current, and the second term dominates if the minority carrier lifetime in the neutral

base region is short. The third term is predominant if there is a short lifetime in the emitter-
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base depletion region and the fourth term is dominant if the lifetime is short on the emitter
side of the p-n junction. We will use these relationships in a later discussion.
5.4.1.2 Data and Interpretation

Figure 5.9 is a Gummel plot (logarithm of Ic and Ip vs. base emitter bias) for an
HBT fabricated at Stanford University by C.A. King [3]. Also shown on the same plot is
a homojunction control device made of all silicon layers (BJT). This was the first report of
a heterojunction bipolar transistor in Si/Sij.xGex grown in a non-UHY reactor very similar
to the one used in our experiments but without a load-lock. At first glance, the device
performance looks quite good - ideal base and collector current slopes (‘n=1’ and 60
mV/dec) down to 10-12 Amps and a current gain of 400. The HBT shows the enhanced
collector current as expected due to the heterojunction (the base region was formed with
Sip.70Ge0.30), but the base current has increased by a factor of almost 50 over the BJT.
This increased base current was not expected as discussed earlier in this section and is
characteristic of a short carrier lifetime in the base region of the device. It was reported for
this HBT that the oxygen concentration in the silicon-germanium reached 1020 cm3,

From the arguments on n=1 current given above, even From the arguments on n=1
current given above, even though the base currents have ideal slopes down to 10-12 A, it is
possible that the base current of this HBT has been increased by recombination in the base
region of the device. From Eqn. 5.8 there are two different lifetimes to consider as the gain
limiting mechanism and we can estimate a range for the minority carrier lifetime in this
device. If t1p « 1gp neutral base recombination will dominate the gain. In this case the
estimated lifetime in the device is approximately 100 ps (D = 6 cm?/V/s and Wg = 20 nm
- given in King’s report). If, however, 13 « 13 (which may be caused by increased defect
concentration near the hetero-interface), the third term of Eqn. 5.8 dominates the gain and
(from the doping data given) the lifetime in the silicon-germanium in the emitter-base

depletion region is ~ 2 ps. The third condition, where tg = Tggg (which is reasonable since
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Figure 5.9. Gummel plot of a Stanford HBT (King). The plot of the logarithm of the
base and collector currents as a function of base-emitter bias. The HBT exhibits the
expected increase in collector current as expected, but the base current of the HBT has
also increased which was not expected. The ideal slopes of the base current coupled with
the increased base current suggest that the device is limited by recombination of carriers
in the base region.
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both are material characteristics of the base) is the same condition as the first since Wp »
xB. In any case, the gain of the gain of the device is determined by a carrier lifetime.

Figure 5.10 is a Gummel plot of an HBT and a BJT grown in our reactor and
processed by E. J. Prinz. The germanium concentration in the base region is 20%. The
oxygen content in this base region is below the detection limit of SIMS (<1018 cm3). This
HBT exhibits the increased collector current as expected, but also exhibits no increase in
base current over the BJT. This implies the HBT is an injection-limited device, and the
base current is not limited by neutral base recombination or space-charge region
recombination but rather by back injection of carriers into the emitter. Since we are not
limited by neutral base recombination, we can extract a lower limit to the minority carrier
lifetime in the base from Eqn. 5.8, and we find it to be 2 10,000 ps compared to 100 ps in
the silicon-germanium with an oxygen concentration level of 1020 cm3 of King. This high
recombination lifetime in the silicon-germanium without oxygen is consistent with the high
generation lifetime in silicon without oxygen.

The high concentration of oxygen in the base region of the Stanford heterojunction
bipolar transistor decreased the lifetime of the carriers by at least two orders of magnitude
from the ideal case. By climinating the oxygen from the silicon-germanium, we have
increased the carrier lifetime in the base and demonstrated the first near-ideal base currents
in Si/Si;1.xGex HBT’s (no increase over a standard BJT) grown in a non-UHV
environment. The ability to grow high lifetime films at low temperature in a non-UHV
reactor is very important for industry since it avoids unneeded complexity of the
manufacturing equipment.

5.4.2 Photoluminescence

Photoluminescence provides a qualitative means by which we can determine the

relative magnitude carrier lifetimes in the silicon-germanium layers. Photoluminescence

(PL) is a basic optoelectronic property of a material. Electrons and holes are generated by
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Figure 5.10. Gummel plot of a Princeton University HBT. The oxygen concentration in
the base region of these devices was below the detection limit of SIMS (<1018 cm-3).
The HBT has the enhanced collector current over the homojunction device as expected
and has no increase in base current as expected. This HBT is an injection limited device,
neutral base recombination is not the dominant source of base current.
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laser illumination and light emitted during the subsequent radiative recombination of the
carriers is detected. A schematic of PL in an indirect band gap is shown in Figure 5.11.

Conduction-band to valence-band recombination is an extremely slow process in
indirect band gap materials such as silicon and germanium since phonons are required to
conserve momentum (k). Since both radiative and non-radiative processes in
semiconductors occur simultaneously, the fastest recombination process will tend to
dominate the carrier recombination process. Relaxation processes are analogous to current
distribution in an electronic circuit containing resistors of different values in parallel; if one
resistor is significantly less than the other(s), most of the current passes through this
resistor. In order to see conduction-valence band PL in silicon-germanium, the non-
radiative (low resistance) paths must not shunt the radiative paths (i.e. we must increase the
non-radiative recombination lifetime relative to the radiative recombination lifetime).

The first reports of band-edge luminescence in a strained layer of Si;.xGex were by
Terashima et al. [13] in thick epitaxial layers of 4% germanium content grown by molecular
beam epitaxy (MBE) on silicon. If more germanium was added to the layers, the layers
relaxed and were not strained. Band-edge photoluminescence of silicon-germanium
strained layer quantum wells, however, has proven elusive. Noé€l et al. [14] at the National
Research Council of Canada have reported strong PL (at 4K) in MBE grown Si;.xGey at an
cnergy level ~150 meV below the band-edge. Since this is significantly below the band
gap energy, this luminescence is believed to be due to impurities or defects which
incorporate during growth and give rise to levels within the band gap. Noél also recently
explain the phenomena by luminescence from germanium clusters formed during epitaxial
growth. Other work on strained SiGe layer superlattices [15, 16] has yielded luminescence
which is almost certainly due to dislocations rather than the superlattices themselves. In
our epitaxial layers grown by CVD at low temperatures and containing low concentrations
of oxygen, we have observed the first band-edge photoluminescence of the silicon-

germanium strained layer quantum wells.
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Figure 5.11. Schematic of photoluminescence in an indirect band gap semiconductor.
Carriers are excited fom the valence band to the conduction band by laser illumination
creating an electron-hole pair. The carriers relax to the lowest energy state of the band until
they recombine. Phonons or alloy scattering are required to conserve momentum in these
materials. Long carrier lifetimes are needed or carriers will non-radiatively recombine at
traps. ’
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The light detected from our samples is due to exciton recombination and phonon
assisted transitions as opposed to defect related recombination. An exciton is an electron-
hole pair which behaves much like a hydrogen atom and in some cases is free to move
throughout the material.[17]. The energy of the emitted light from the free exciton (FE)
recombination path is the band gap energy of the material reduced by the small binding
energy of the exciton (~15 meV). Excitons can also be bound (bound exciton, BE) to
impurity atoms which lowers the binding energy even further from the free exciton case.
The phonon assisted transitions occur at energies reduced from the exciton energy by the
characteristic energy of the phonons.

Figure 5.12 is a PL spectrum taken at 4 K, in an FTIR PL spectrometer, of a
Sig.80Geo.20 strained layer quantum well of width 3 nm grown in our laboratory and
measured by Thewalt and Lenchyshyn at Simon Fraser University. By reducing the
sample temperature to 4 K, many more features can be resolved demonstrating the long
lifetimes of our oxygen-free silicon germanium layers. Figure 5.12 is a feature-rich
spectrum. The peak labeled NP (at 1015 meV) corresponds to the no-phonon transition of
a bound exciton in the silicon germanium alloy and occurs ~ 20 meV below the band edge
of the Sij.xGex strained layer (after correction for quantum confinement and the
temperature dependence of the band gap). This transition is allowed due to the randomness
of the alloy (localized alloy scattering) which satisfies conditions on k conservation [18].
Also visible are the phonon-assisted replicas (transverse optical - TO) corresponding to the
different chemical bonds in the silicon-germanium alloy ( the Si-Si, Ge-Ge and the Si-Ge
bonds) and the transverse acoustic (TA) phonon replica. These were the first such features
observed in strained Si).xGex quantum wells [19]. At 77 K, the individual phonon replicas
are not resolvable and a broad peak encompassing the different chemical bonds results.
Figure 5.13 is a PL spectrum taken at 77K showing the broad phonon-assisted peak, note

this PL is due to a free exciton and not the bound exciton
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Figure 5.12. 4K Photoluminescence spectrum of a 30 A thick Sig.80Geg 20 strained layer.
The no-phonon (NP) line is due to the randomness of the silicon-germanium alloy and
occurs just below the band-edge of the silicon-germanium. The phonon replicas are clearly
visible and correspond to the different chemical bonds in the material, Si-Si, Ge-Ge, and
Si-Ge. The luminescence is due to bound excitons.
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The photoluminescence properties of our films are strongly dependent upon the
oxygen concentration in the Sij.xGeyx layer. Figure 5.13 shows the photoluminescence
spectra of two different samples containing Sig 8oGeg 20 strained layers taken at 77 K. The
two spectra illustrate the difference in the non-radiative recombination lifetimes of the two
films; notice the factor of 100 difference between the two intensity scales. The upper
spectrum corresponds to a Sig 80Geg 20 layer of high quality. The lower spectrum of Fig.
5.13 is from the second sample grown after venting the CVD chamber to atmosphere. The
oxygen concentration of this sample reached approximately 3 x 1018 ¢cm-3 in the silicon-
germanium layer as determined by SIMS. From the argument presented above, this means
that the non-radiative recombination lifetimes differ by at least two orders of magnitude.
(We cannot assign an absolute number since we do not know the exact ratio of non-
radiative to radiative lifetime in either sample.)

Increasing the oxygen concentration in the silicon-germanium layers to levels 2 5 x
1019 cm-3 removes all signs of band-edge PL at 77 K. The elimination of the PL peaks is
due to an introduction of band gap states in the alloy. As discussed in the introduction of
this chapter, the presence of a set of localized traps within the energy gap of an indirect
band gap material provides an efficient path for non-radiative carrier recombination.
Whether the disappearance of the PL is due to an oxygen complex or the formation of
defects in the material is still unclear. TEM was not performed on the structures to
determine a defect density and defect etching could not be performed because the layer were
too thin.

We have demonstrated the ability to grow low oxygen content, high lifetime
epitaxial layers at low temperature under non-UHV conditions. By avoiding oxygen
contamination in our epitaxial films, we have succeeded in demonstrating the first band-
edge photoluminescence from strained Sij.xGex quantum wells qualitatively demonstrating
long carrier lifetimes. MBE samples also have low oxygen concentration, but the best PL

is still from CVD grown material. MBE has a problem with metal contamination or some
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Figure 5.13. PL spectra of silicon-germanium layers grown in a well baked system and a
newly vented system. The top spectrum corresponds to a silicon-germanium sample
grown in a baked-out system and the bottom spectrum corresponds to a silicon-germanium
layer grown as the second sample after the system was vented. Notice the factor of 100
difference between the two scales. The luminescence is due to free excitons.



other lifetime killing defect incorporating in the film. We have also demonstrated the first
Si/Si1-xGex/Si HBT’s with ideal base current characteristics and reported the longest
generation lifetimes measured in silicon-germanium strained layers to date.

5.5 Discussion of lifetime measurements

We have quantitatively investigated lifetimes in low-temperature CVD silicon and
silicon germanium with and without oxygen. Ghani et al. [20] compared experimental data
of silicon-germanium p-i-n diodes with SEDAN simulations of diodes to extract
recombination lifetimes. By adjusting the minority carrier lifetimes in the diode
simulations, they estimated the minority carrier lifetimes of devices containing different
amounts of oxygen. The trend of lifetime with oxygen concentration is consistent with
qualitative measurements of lifetimes by PL. At high concentrations of oxygen, the
predicted lifetimes are comparable to the HBT data given above (2 ps for [O] ~ 2 x 1020
cm-3 and 100 ps for [O] ~ 8 x 1019 cm-3). From the Stanford transistors and diodes and
our generation lifetime measurements, we can estimate a capture cross section for the
carriers in the silicon and the silicon-germanium. Again, we assume one trap per oxygen
atom. The results are displayed in Table 5.2. The cross sections are in the regime of 10-17
cm-2 for the different devices fabricated. The cross section measured by the generation
lifetime is limited by the measurement set-up as mentioned before.

The microstructure of the oxygen in the epitaxial films or metal impurities gettered
at the oxygen sites may be the cause the short lifetimes associated with the heavily doped
samples. Given similar numbers for lifetime vs. oxygen concentration between us and
Ghani, metal impurities are unlikely since we would expect a larger variation in lifetime and
cross section. Therefore, the low lifetimes are probably an intrinsic property of the high
oxygen concentration. Oxygen coordinates as an electronically inactive interstitial atom in
bulk Cz-silicon and therefore does not become a recombination center. In silicon films
grown by low temperature CVD, however, the oxygen coordinates differently as is evident
from the FTIR data of the high oxygen content films shown previously (Sec. 3.5). This
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Table 5.2. Capture cross section data determined by recombination and generation
lifetime measurements on different devices.
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different configuration may be due to the high concentrations of oxygen in excess of solid
solubility. These possible configurations include substitutional oxygen and small SiO»,
platelets but the exact configuration is not known at this time. However, the configuration

of oxygen in low temperature CVD films is clearly electronically active.
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Chapter 6

Semi-insulating Silicon by O-Doping

6.1 Introduction

We have shown that high concentrations of oxygen in silicon degrade the minority
carrier lifetimes in the epitaxial layers. Short carrier lifetimes reduce gain in bipolar
transistors, increase recombination currents in diodes, and shunt the radiative
recombination processes required for photoluminescence. However, there are some
properties of the oxygen-doped silicon layers which can be exploited to improve circuit and
device performance. By intentionally introducing oxygen into the silicon layers, we can
pin the Fermi level of the material near the center of the band gap. Since these films are
crystalline (as was determined in Sec 3.4), we are able to grow crystalline silicon with low
oxygen concentrations layers on top of the semi-insulating oxygen-doped material. In this
chapter we display the semi-insulating characteristics of the oxygen-doped films and
discuss their potential uses in the silicon material system. We then demonstrate a MOSFET

fabricated in crystalline silicon grown on top of the oxygen-doped silicon (Si:0).



6.2 Semi-insulating Materials

Semi-insulating layers are important to high speed electronics because they provide
circuits and devices with intrinsically small capacitances. Device interconnects fabricated
on semi-insulating substrates have lower intrinsic capacitances and hence smaller RC time
constants than those fabricated on semi-conducting substrates [1]. Low source-to-substrate
and drain-to-substrate capacitances are also gained by fabricating MOS transistors on semi-
insulating substrates [1].

Semi-insulating layers require minimal electron and hole concentrations in a
material, which means the Fermi level is near mid-gap This requires the formation of an
intrinsic material. This is difficult to achieve in silicon because even small concentrations
of impurity atoms (1013 cm-3 impurity atoms out of 5 x 1022 cm-3 host atoms) yield a
resistivity on the order of 1000 Q-cm. Semi-insulating layers can be achieved, however,
by introducing deep-level traps within the band gap to pin the Fermi level.

A considerable advantage of GaAs over silicon for high speed circuits (other than
higher carrier mobilities) is the availability of semi-insulating substrates. Before ultra-pure
GaAs was available, these substrates were formed by introducing a deep-level impurity to
the substrate lattice. Chromium was the metal of choice not only because of its position in
the GaAs band gap (Ey + 0.74 ¢V) [2] but also because of its low solid-state diffusion
constant (2 x10-13 cm-2s-1 at 600 *C) compared to other deep-level impurities in GaAs [3].
Since GaAs requires low-temperature processing techniques (<700 °C), the chromium does
not diffuse out of the substrate into the active device areas.

Most deep-level metal impurities in silicon (Fe, Au, Cr...) are efficient trapping centers
but diffuse quickly even at moderate temperatures. For example, Fe will diffuse 440 pm in
20 min at 900 °C [3] (a standard processing condition for an implant anneal) [3]. This
makes metal impurities impractical as mid-gap impurities in substrates for minority carrier
devices. We propose using oxygen-doped silicon films, Si:O, to function as a semi-

insulating material on which device quality silicon can be grown.
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6.3 Si:O Electronic Characteristics

We grew oxygen-doped layers by the process described in Chapter 3. We grew
several different layered structures for the various devices which we would use to test the
electronic characteristics of the Si:O material. The electronic characteristics which we
measured were: material resistivity, Fermi level position and carrier mobilities. The device
structures used to measure the electronic characteristics are shown in Figure 6.1. We chose
to measure vertical transport properties of the films to avoid parallel conduction channels in
the conducting substrates in horizontal experiments.

6.3.1 Resistivity Measurements

We started by measuring the resistivity of the oxygen-doped layers using metal-
(Si:0)-(n-Si) and metal-(Si:0)-(p-Si) Schottky diodes. Figure 6.2 is a typical current-
voltage relationship for the n-type Schottky device. This device has an oxygen
concentration of 2 x 1020 cm-3 and a film thickness of 10 pm. Notice that the voltage scale
is =1 V to 5 V and the full-scale forward-bias current is less than 10 pA. This
demonstrates the highly resistive nature of the oxygen-doped films. Similar results were
obtained for p-type devices. We then measured the resistivity of the films as a function of
temperature using the same device structure.

The electron concentration (n) in silicon is related to the Fermi level (Es) position in
a material by:

n = N;exp (ELETE&) [6.1]

where N is the effective density of states for electrons in silicon and Eg is the conduction
band energy, k is the Boltzmann constant and T the absolute temperature. Since resistivity
(p) is inversely proportional to the carrier concentration (p~! = quqn), we obtain the
position of the Fermi level in the material with respect to the conduction band edge from the
slope of a plot of resistivity vs. T-1 We assume that the dependence of pn and Ef on
temperature is small over the range of the measurement. Figure 6.3 is a temperature-

dependent plot of the resistivity of two Si:O layers (with the device structure of Fig. 6.1(a)
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Figure 6.1. Device structures used for testing the electronic characteristics of the oxygen
doped silicon layers. (a) Metal - Si:O - n and (b) Metal - Si:O - p were the devices used to
measure the resistivity of the Si:O. (c) n - Si:O -n and (d) p - Si:O - p were used to
determine the carrier mobilities.
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Figure 6.2. Room-temperature Current-Voltage characteristics of the metal - (Si:0) - (n-Si)
device. Note that the full-scale current is only 10 HA for a SO V bias. This demonstrates
the high resistivity of the oxygen-doped silicon. The device area is 1.8 x 10-3 cm3.
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Figure 6.3. Resistivity of Si:O as a function of temperature. The slope of the curves
(activation energy) gives us a position of the Fermi level in the material. The lighter-
doped sample has an activation energy suggesting that the Fermi level is pinned at Ey +
0.4eVorEy + 0.6 eV. The data was taken at +4 Volts. The triangles are data taken on a
sample doped to 2 x 1020 cm-3 with oxygen, and the circles are data taken on a sample
doped to 5 x 1019 cm-3 with oxygen.
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doped to levels of 2 x 1020 cm™3 and 5 x 1019 cm'3.  We measured the resistivities at 4 V
forward bias to insure that any voltage drop across the Schottky contact is negligible. The
slopes of Figure 6.3 (~ 0.6 ¢V) show that the Fermi level is indeed pinned near mid-gap
We have succeeded in pinning the Fermi level near Ey + 0.6 eV or E¢ - 0.6 ¢V, which
implies that the carrier concentration is within a factor of four of its intrinsic value.

6.3.2 Mobility Measurements

We measured the carrier mobility properties using the n-Si:O-n and p-Si:O-p
structures of Figure 6.1. Using the theory of Lampert and Mark [4] to describe the current-
voltage characteristics of insulators exhibiting space-charge-limited current, we extracted
the carrier mobilities for oxygen-doped films. We mention that we did not perform
horizontal transport measurement (such as Hall mobility measurements), thereby avoiding
parallel conduction in the silicon substrate. The theory of space-charge-limited current in
insulators with traps is quite involved, and we refer the interested reader to the work of
Lampert and Mark [4] for a full description. Here we give a physical picture of space-
charge-limited current in insulators which contain a background of thermal carriers and trap
levels within the band gap, and we discuss the current-voltage relationship in such
materials.

First we describe the current-voltage characteristics of an insulating material with a
background of thermal carriers in the absence of traps within the band gap. As a bias is
applied to such a material, carriers are injected into the insulator and contribute to space-
charge. Until the injected carrier concentration surpasses the background space-charge
concentration, the charge of the carriers has little effect on the electric field and Ohm’s Law
is obeyed. This corresponds to a slope of one on a logarithmic plot of current and voltage
(Figure 6.4(a)). The data Figs. 6.2 and 6.3 are taken from the linear regime. When the
injected carrier concentration exceeds the background concentration, the space-charge set
up by the injected carriers dominates the electric field and hence the voltage drop. Current

flow in a space-charge-limited regime is proportional to the square of the voltage (J
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Figure 6.4. Current transport in an insulator with a background of thermal carriers (a)
without traps and (b) with a single trap level within the band gap. For both cases, Ohms
Law is followed at low bias (n=1), but for high bias the square law prevails due to the
build up of space-charge. In (b), however, a sudden jump in current occurs due to the
filling of the trap level. A and J¢rjow are defined in Eqn. 6.2.

113




o< V2), which corresponds to a slope of two on a logarithmic plot of current and voltage
(see Figure 6.4(a)).

Insulators with traps have a slightly different current-voltage relationship than the
ideal insulator. We assume in the following that there is a single trap level within the band
gap and that the Fermi level is at the trap level in equilibrium. Figure 6.4(b) will help to
illustrate the conditions of current transport in the semi-insulating material with traps. At
low bias and high bias the characteristics look very similar to the ideal insulator of Fig.
6.4(a). As a bias is applied across the device of Figure 6.1 (c), carriers are injected from
the n region into the semi-insulating region. Until the injected carrier concentration exceeds
the background concentration, the current will be due to the background of thermal carriers
in the material and Ohms Law is obeyed, much like the trap-free case. On the schematic
plot of logarithm of current vs. the logarithm of voltage of Figure 6.4(b), this corresponds
to a slope of one (n=1).

As we continue to increase the bias across the device, the carriers injected into the
Si:O initially serve to fill the traps within the material since the Fermi level is pinned at the
trap level energy. When all of the trap sites are filled, the current increases sharply with
voltage because the quasi-Fermi level is able to move above the trap level. This
corresponds to a sudden increase in the current with a small increase in voltage. (A factor
of two change in carrier concentration corresponds to raising the Fermi level approximately
0.7 eV). In Figure 6.4(b), this correspond to the region labeled "jump".

Once the traps are filled, all of the injected carriers contribute to space-charge and
the current characteristics are similar to the trap-free condition. In Figure 6.4(b), this
corresponds to the region where the slope is two. The theoretical expression for the current
at the point where the current jumps from the low current level to the high current level (J¢r

low) is [4]:
AgZng?2pl
€

[6.2]

Jerlow =
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where A is the size of the current jump at the critical point, q the electron charge, ng the
thermal carrier background concentration, y the mobility, L the length of the insulator and €
the dielectric constant.

Figure 6.5 is a logarithmic plot of the current and voltage for a p-Si:O-p device with
a 3 um semi-insulating region. By changing the length of the semi-insulating region, we
can shift the critical voltage to different values (V¢r = L2). The diode of Fig. 6.2 (L = 10
pm) does not show the jump in current until 100 V is applied. The features of Fig. 6.5 are
similar to those depicted in Fig. 6.4(b) demonstrating the trapping properties of the film.
The mobility we extract from the p-Si:O-p device is approximately 100 cm2V-1s-! (for
holes) and for an n-Si:O-n device it is about 400 cm2V-1s-1 (for electrons). We calculated
no from the position of the Fermi level determined from the temperature dependent
measurements. These high mobilities may find application in high speed photoconductive
switches where short lifetimes and high mobility materials are required.

6.4 Silicon on Semi-insulating Layers

Semi-insulating silicon layers can be used for many purposes, as discussed in the
opening section of this chapter. We now propose using Si:O as a semi-insulating substrate
on which to fabricate MOS devices. Figure 6.6 is a device structure which we have
fabricated to utilize the insulating nature of the oxygen-doped silicon.

Crystalline silicon on top of an insulating layer is advantageous for MOS circuits.
The insulating layer provides device isolation without the risk of bipolar latch-up found in
CMOS circuits [1]). The insulating layer is also useful for reducing the parasitic
capacitances of interconnects and source-substrate and drain-substrate capacitances.
Devices with ideal sub-threshold slopes of 60 mV/dec, which is important for switching
devices on and off, can also be fabricated by using thin layers, which can be fully depleted,
on top of the insulator. Most insulators, however, are amorphous (e.g. Si02) and make it

impossible to grow crystalline silicon directly on top of the insulator. Silicon-on-insulator
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Figure 6.5. Current vs. Voltage for a p-i-p structure with a silicon layer doped to 2 x 1020
cm-3, with oxygen doped layer forming the intrinsic region. Notice the three regimes;
Ohm’s Law, "jump" corresponding to trap filling, and square law due to space-charge.
The jump indicates a single trap level within the band gap.
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devices are now formed by SIMOX (separation by implanted oxygen) [5] or by growing
silicon on expensive sapphire substrates

6.4.1 Silicon-on-Si:O Growth

To demonstrate the feasibility of this device structure using Si:O as the insulating
layer, we fabricated the device shown in Figure 6.6 using standard MOS processing
techniques. We started the growth process with the cleaning sequence and buffer layer
sequence discussed in Sec 3.4. For n-channel devices, the buffer layers were doped to
about 1017 cm-3 p-type, and for p-channel devices, the layers were doped 1016 cm-3 n-
type. The DCS and H> flow rates were 26 standard cubic centimeters per minute (sccm)
and 3 standard liters per minute (slpm), respectively. The temperature of the substrate was
then lowered to 750 *C for one minute of growth of silicon (~100 A). The hydrogen flow
was then reduced and stabilized (~10 sec) before the DCS was switched off and the silane
switched on. The oxygen-doped layers were grown using 4% SiHy4 in Hj as the source
gas such that the total silane flow was 10 sccm and the total hydrogen flow was 2 slpm.

The oxygen was introduced to the reactor in an Argon carrier (280 ppm O in Ar)
gas through a calibrated mass flow controller. The flow of argon was adjusted to give the
proper oxygen level. The oxygen was introduced into the reactor 30 sec. after the SiHy
was injected and was left flowing for the duration of the layer. Typically, a 1.5 um Si:O
layer was used for device isolation (30 min. growth). The oxygen-doped layer was not
intentionally doped with phosphorous or boron.

The cap (active) layer was grown at 1000 °C with silane as the source gas.
Following the oxygen-doped layer, a 30 sec. silicon layer at 750 °C (using silane) was
grown (~ 240 A) before the temperature was raised to 1000 °C. The active region was
grown to a thickness of approximately 0.5 um (with silane) and doped in situ n-type or p-
type depending upon the channel required
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Figure 6.6. Proposed device structure to demonstrate Si:O as a semi-insulating substrate.
The oxygen-doped silicon remains crystalline during growth, allowing high quality
crystalline silicon (without oxygen) to be grown as the active layer. We fabricated several
p-channel and n-channel devices using this structure with gate lengths ranging from 2 pm
to 50 um.
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6.4.2 FET Processing

We processed the devices using standard sclf-aligned SOI-MOS processing
techniques. We started by isolating the active areas with a reactive ion etch so that the mesa
walls reached the Si:O layer. We then grew the 300 A gate oxide at 1000 °C in dry O and
delivered the wafers to David Sarnoff Laboratories for the poly-crystalline silicon
deposition.

Because the Si:O is not a perfect insulator, it conducts when heavily doped. We
changed the standard self-aligned gate process slightly to accommodate this situation. We
implanted the entire poly-silicon layer for the gate doping before the poly-crystalline silicon
etch. The implant conditions were 4 x 1015 cm-2 at 100 keV, using boron for the p-channel
devices and As for the n-channel devices. We then patterned the gate by reactive ion
etching and opened the source and drain contact holes. Another implant was performed
under the same conditions as above to define the source and drain regions. To avoid
implanting the Si:O in the field regions, the photoresist used to pattern the gate was also
used as the implant mask.

The devices were then cleaned thoroughly and the implant damage and gate drive-in
anncals were performed simultaneously. The n-channel devices had a 35 min., O anneal
at 950 °C while the p-channel devices underwent only a 20 min. anneal in O2. Oxide was
then deposited on the surface at 350 °C and annealed at 600 *C for 30 min. in N2. The
contact holes were then opened and Al evaporated and patterned to finish the devices.
Forming gas anneals were needed on some devices to improve the device performance.

Although the structures were not optimized for state-of-the-art performance, the
devices fabricated do operate as FET’s. Figures 6.7(a) and (b) are families of I-V curves
for p-channel FET’s with 2 um gates. Figure 6.7(a) is the Si:O isolated device and 6.7(b)
is the bulk silicon wafer (~ 10 ohm-cm resistivity) processed in parallel with the Si:O
device. The semi-insulating layer of Fig. 6.7(a) was doped 5 x 1019 cm3 with oxygen.

The higher threshold voltage in the Si:O device is due to the doping level in the active
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region. The sub-threshold characteristics are shown in Figures 6.8(a) and (b). We did not
design the Si:O structures with optimum parameters, but the devices are comparable (in the
active region) to MOSFET’s fabricated in parallel on bulk silicon wafers. Both devices
have high leakage currents in the off state which means the source is most likely a function
of device the processing, not the silicon quality of the SOI. The n-channel devices also had
large leakage currents for both the control devices and the test devices.

6.5 Future of Si:0

The possibility of using Si:O as an insulating layer is a potentially exciting field of
study. We have already demonstrated the semi-insulating and crystalline features of the
material. Now other characteristics must be studied. Some of the characteristics which
need to be investigated deal mostly with the advantages inherent to the silicon-on-insulator
(SOI) material system.

SOI devices are inherently radiation-hard. Carriers generated deep within the
semiconductor by alpha particles are blocked by the insulator and thereby kept from
diffusing into the active device areas. Since the Si:O layers contain mid-gap trap levels,
these traps may prevent carriers from reaching the active areas as well. SOI also reduces
short channel effects in MOSFET's such as preventing punch-through of the source and
drain regions. Since the device structure which we fabricated was not optimized to study
these effects in the Si:O devices, these effects can remain an area open to study.

There are some characteristics of Si:O which may make it more advantageous than
Si0, as the under-lying insulator for SOI. Since SiO; is an insulator, making contact to the
active area substrate is difficult and a self-biasing effect [6] causes a change in the threshold
voltage of SOI MOSFET's. Since Si:O is not a perfect insulator, making contact to the
active area substrate may be easier. SiO7 also has poor thermal conductivity (0.014
W/cm/*C) as compared to silicon (0.6 W/cm/°C) [7]. Therefore, heat is not dissipated

casily from the active device areas, particularly in bipolar devices in SOI. Since Si:O is
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more than 99% silicon, the thermal conductivity should be much larger than amorphous
S$i07 and the power dissipation better than in SOL
Another potential use for Si:O is as the substrate for high speed metal

semiconductor-metal (MSM) photodetectors. In silicon MSM devices, the initial photo-
response of the device can be as short as 10 ps, but carriers generated deep within the
substrate lead to a long (>100 ps) tail in the recovery time of the devices [8]. By using
Si:O as a substrate layer, the carriers generated deep within the substrate may be removed
quickly because of the dense populations of traps thereby eliminating the long carrier tail.
Preliminary studies of carrier lifetimes by a pump and probe reflection technique [9] show
the lifetimes in the Si:O layers doped to 5 x 1019 cm-3 with oxygen to be on the order of 10
ps.

6.7 Conclusions

Much work is needed to determine if the Si:O layers truly improve device performance
to the same extent as other silicon-on-insulator structures. We have demonstrated the semi-
insulating nature of the oxygen-doped silicon films by studying the carrier transport
properties in the material. We have shown that the Fermi level is pinned near mid-gap in
the silicon and that the films are highly resistive at room temperature. We have also

demonstrated electronic devices fabricated in crystalline silicon grown on top of Si:0.
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Chapter 7

Summary

In the previous six chapters we have described the status of oxygen in epitaxial
silicon and silicon-germanium layers grown by low-temperature chemical vapor deposition.
The motivation for this study stems from the drive to increase device and circuit
performance by improving the electronic material in which the devices are fabricated. Low
temperature epitaxy provides a method for growing thin epitaxial layers with abrupt
interfaces. It can be used with silicon technology to grow Si/Sij.xGex heterojunctions to
improve device performance.

The obstacles associated with low-temperature CVD epitaxial growth techniques are
rooted in the stability of oxygen on the silicon surface. We demonstrated that oxygen
concentrations far above the peak solid solubility can incorporate into epitaxial silicon and
silicon-germanium layers grown at low-temperatures. These high concentrations of
oxygen were shown to reduce minority carrier lifetimes in heterojunction bipolar

transistors, p-n junction diodes, and MOS capacitors. The short carrier lifetimes associated



with oxygen contamination of silicon-germanium alloys also reduces the non-radiative
recombination lifetimes of the carriers in the Sij.xGex layers so that photoluminescence
processes are masked.

We also showed that hydrogen passivation of the silicon surface can reduce the
probability that oxygen will stick to the growing interface and that the boundary layer can
reduce the transport of oxygen to the growth interface, therefore reducing the amount of
oxygen incorporating into the growing film. This is a critical advantage of CVD over
MBE, and makes CVD possible with oxygen and water partial pressures far in excess of
what is predicted by classical surface science studies. We proceeded to show that high-
lifetime, low oxygen concentration epitaxial films could, indeed, be grown at low
temperature in a non-UHYV environment, and that improved device performance resulted.

In Chapter 6, we exploited the electronic properties of oxygen doped silicon films
for use as semi-insulating epitaxial layers. We demonstrated the crystalline and semi-
insulating nature of these films and showed that we could grow high-quality silicon films
with low oxygen concentrations on top of the oxygen doped layers. This structure
provides many opportunities for improved device performance such as MOS transistors

and high speed photoconductors.
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Appendix I

Recombination Currents in P-N Junctions

Here we discuss the different currents associated with recombination in the space-
charge region of p-n junctions. As seen in Chapter 5, an extra term, due to recombination
in depletion region extending into the narrow band gap base, has been added to the
conventional recombination currents. This extra current component has a slope of one
(“n =17) on a semi-logarithmic plot of current vs. voltage and is a dominant term if the
lifetime in the narrow band gap region is short. The discussion of recombination current
is found in detail in Grove (Ref. 1 of Chapter 4).

Recombination within the space-charge region of a p-n junction gives rise to a

current component described by:

W 0 Xp
Jrec = fde= fde+ fde [Al.1]
0 -Xn 0

where W is the width of the space-charge region, x, and xp are the depletion widths on

the n- and p-sides of the junction, U the Shockley-Hall-Read (SHR) (see Egn. 5.2)




recombination equation and Jrec the recombination current-density. With the simplifying
assumptions of mid-gap traps (E; = E;) and equal electron and hole capture cross sections

(On = Op = O) the recombination rate, U, is given by:

- n:2
U= ovypN; 22— [A1.2].

n+p+2n;j
Under the assumption of quasi-equilibrium (quasi-Fermi levels constant), the electron

hole product is constant throughout the space charge region and is given by:
pn = n;2 exp(gy) [A1.3]

where Vg is the forward bias voltage.

For a given forward bias, U will have a maximum value at the location in the
space-charge region where n = p since np is a constant. This condition is satisfied where
the intrinsic Fermi level (E;) is halfway between the quasi-Fermi levels for the holes and

the electrons, therefore, the carrier concentrations are given by:
IVEl
n = p =njexp (g2k—¥) [Al1.4]

and hence, Unax is given by:

(exP ( ) _ 1) [Al1.5]

Umax = O'V(hNt
2ni(exp &t Fly +1)

or for Vg » kT:
1n IV
Unax =757 L " exp (921(—{) [AL.6]

where 1o = ovN; and is the carrier lifetime. Assuming that the lifetime is the same on
both sides of the junction, the approximation to the integral in Eqn. Al.1 gives the

standard current associated with recombination within the space charge region of a p-n

junction, and is written:
~A% qVEl
Jreo =5 TiWe p( 2kT) [AL7]

which is an “n=2" current as discussed in Chapter 5.
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In the case where the lifetime is different on the two sides of the p-n junction, the
integral of Eqn. A1 must be evaluated separately on either side of the junction. In the
case of a bipolar transistor we separate the integral of Eqn. Al.1 into two integrals, one
over the depletion region extending into the emitter, and the other integral over the
depletion region extending into the base. See Figure Al.1

In the case of the npn heterojunction bipolar transistor with a narrow band gap
base, the base region is more heavily doped than the emitter (N = 100 Ng) and most of
the depletion region extends into the n-type emitter (W = xp » xp). Therefore, the
condition where n = p occurs in the emitter region and the integral over the n-depletion
region can be approximated by Eqn. A1.7. This term is denoted Ip4 in Eqn. 5.6.

The integral over the depletion region extending into the p-type base yields a
separate recombination term. In the narrow band gap material of the base, the hole
concentration is much greater than the electron and intrinsic carrier concentrations (p » n,

n;j). Therefore the simplification to the SHR equation becomes:

1 n
U~ 5; [A1.8]
1BE

where 1gE is the lifetime in the narrow band gap base region and is different than the
lifetime in the wider band gap emitter. This simplification leads to the “n=1" current
component of Eqn. 5.6. The carriers are accounted for by the potential which is assumed
to vary linearly across the depletion region extending into the base. The integration over
the depletion region extending into the heavily doped base region then leads to the

following expression for the recombination current:

Jrec = 1_7_2‘.021%@& exp (Ll_VE!) [A1.9]

TBE NB kT
We have assumed that the base doping is 70 times larger than the emitter doping which
leads to the constant 1.7 term in the numerator. (The base to emitter doping-ratio was
taken from King in Ref. 3 in Chapter 5 whereby giving the same expression described by

King). This expression is the “n=1" term designated Ip3 in Eqn. 5.6 and is a dominant
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Figure Al.1. Expanded view of recombination in the space charge region. Ip4 is the
recombination in the lightly doped emitter side of the junction while I3 is due to
recombination in the depletion region on the heavily-doped, narrow-gap side of the
junction. For Ip3 to dominate, the lifetime in the heavily doped material must be much
shorter than the lifetime in the lightly doped material. This condition yield an "n=1" base
current.
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term for recombination current if Tgg is much shorter than the other lifetimes in the
device. This "n=1" current is characteristic of a short lifetime on the heavily doped side
of the p-n junction and is not limited to heterojunctions or heterojunction bipolar

transistors.
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