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Abstract

Strained SiGe band-to-band tunneling (BTBT) devices and strained Si two-dimensional
electron gases (2DEGs) are promising for low-power and quantum computing
applications. The objective of this dissertation is to pursue the fundamental
understanding of BTBT in strained SiGe films and electron transport properties in
strained Si.

We report the first quantitative study of BTBT in strained p'-SiGe/n"-Si
heterojunctions and p'-SiGe/n'-SiGe homojunctions at forward and reverse biases.
Negative differential resistance (NDR) at forward bias is clearly observed for each
device, with the highest observed peak current density of 10 A/cm?. In reverse bias, a
BTBT current density of 10° A/cm” is measured and a model comparison with good
agreement is also presented. Furthermore, we demonstrate that the precise modeling of
reverse-biased BTBT devices requires the observation of NDR in forward bias.

The surface segregation of phosphorus in relaxed SiGe films is studied with an
extremely sharp phosphorus turn-off slope of 6 nm/decade reported. This enables
effective Schottky gating on a depletion-mode device of a Si two-dimensional electron
gas (2DEG). We also investigate the effect of surface hydrogen on phosphorus
segregation. A phenomenological model for this segregation is proposed to explain the
experimental results with good agreement.

A 2DEG with a record high mobility of 522,000 cm?/V-s in an isotopically
enriched **Si quantum well is presented. The estimated electron dephasing time of ~ 2

us is presented. We investigate the effects of different layers in a Si 2DEG structure on
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electron mobility and conclude that the remote impurity charges are the dominant source
for electron scattering. The reduced segregation of phosphorus enables an inverted
modulation-doped Si 2DEG with extremely high mobility of 470,000 cm®/V-s. For the

first time second subband occupancy was achieved in a Si quantum well.
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Chapter 1 Introduction

1.1 Motivation for Strained Si and SiGe Quantum Devices

Silicon has been dominating the semiconductor industry for over forty years because of

the widely used Si metal-oxide-semiconductor field-effect transistor (MOSFET), the
basic unit of a logic device. St MOSFETs are probably the most fabricated electronic
devices; for example, in 2011, there were more than 10® computers sold [1]. Assuming
there were 10° transistors in a CPU such as Intel Core i7 [2] for each computer, at least
10'” Si MOSFETSs were fabricated in a year.

The great success of Si MOSFETs may be attributed to Moore’s law, which
has successfully predicted the pace of transistor development over recent decades.
However, to follow Moore’s law further, several critical issues such as gate leakage,
junction leakage, low transconductance, interconnect capacitance, and subthreshold
conduction [3] must be solved. Furthermore, as a device is further scaled down,
quantum mechanics must be used for nano-devices, and novel processing techniques
have to be employed to create atom-sized structures in such small devices.

In the quantum regime, several interesting proposals for the next generation of
computing devices have been proposed, such as tunneling transistors [4] and quantum
computing [5]. A tunneling field-effect transistor (TFET) was first proposed by Baba [6]
in 1992. The major benefit of this device is the low leakage current in the OFF state due

to the sharp subthreshold slope, which is crucial for low-power applications.



Furthermore, because its structure is similar to a MOSFET and its fabrication steps are
compatible with those of MOSFETs [7], remarkable TFET efforts have been made in the
past decade.

On the other hand, for better system performance, quantum computing has
been suggested to out-perform the classical computation by Shor [8]. He proposed a
quantum algorithm with a much faster computation speed, as high as 10°*° bits/second,
by harnessing the power of quantum superposition in a quantum system. There are
several candidates for the implementation of quantum computing, such as nuclear
magnetic resonance [9], superconducting devices [10], and double quantum dots in
semiconductors [11]. Quantum dot devices have drawn increasing attention from
physicists and material scientists recently since the successful demonstrations of
coherence control of quantum bits in GaAs [12] and Si [13]. The scalability and
compatibility with semiconductor technology make quantum dots more feasible and

promising than other proposed devices.

1.2 Thesis Organization

In this thesis, we first report band-to-band tunneling in strained SiGe for TFET
applications. Then we present the electron transport properties in strained Si
two-dimensional electron gas for quantum dot applications.

In chapter 2, band-to-band tunneling in strained p'-SiGe/n’-Si heterojunctions
and p'-SiGe/n"-SiGe homojunctions, prepared by chemical vapor deposition (CVD), is
investigated, and the experimental results are presented with a model comparison. This

experimental verification of the model allows the device designers to predict the

2



dependence of band-to-band tunneling on germanium fraction and can be used in device
simulators for the prediction of TFET performance and the relevant devices.

In chapter 3, the surface segregation of phosphorus in relaxed SiGe films
grown by CVD is investigated. The effect of surface hydrogen on phosphorus
segregation is explored and a phenomenological model including surface hydrogen is
proposed. The model is in good agreement with the experimental results. A record sharp
turn-off slope for phosphorus of 6 nm/dec is achieved.

A two-dimensional electron gas (2DEG) in strained Si is studied in chapter 4
for quantum dot applications. First, the basic physics of a 2DEG is reviewed. Efforts
towards achieving high electron mobility in strained Si are described. The experimental
results and the effects of layer structure on electron mobility are also presented.

For quantum computing applications, spin decoherence must be reduced for
better device performance. *’Si induces spin decoherence due to its nuclear spin via
hyperfine interactions. In chapter 5, we present our work on the growth of 2DEGs in
isotopically enriched **Si quantum wells. Furthermore, we report extremely high
electron mobility in an inverted modulation-doped Si 2DEG grown by low-temperature
epitaxy.

Finally in chapter 6, a brief summary is presented to conclude this thesis, and

is followed by a few suggestions for future work.



Chapter 2 Band-to-Band Tunneling in Strained
p'-SiGe/n"-Si Heterojunctions and p*-SiGe/n"-SiGe

Homojunctions

2.1 Motivation

Tunneling is a fundamental quantum mechanical process. While quantum mechanics

was developed in the 1920’s, the first tunneling device was demonstrated in 1958 by
Esaki in a heavily doped p-n junction of Ge [14]. Since then, semiconductor quantum
devices, such as resonant tunneling diodes [15], quantum cascade lasers (QCLs) [16],
and tunneling field-effect transistors (TFETs) [17], have been of great interest to
scientists and device engineers. In the past five years particularly, extensive studies on
TFETs have been conducted because of their potential for low-power applications [4].
Unlike a conventional metal-oxide-semiconductor FET (MOSFET), a TFET is

operated by switching its tunneling junction on and off between the source and channel
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> >
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- n*-Si »n*-Si - p*-Si Pn+-Si
Source Electron Drain Source Electron Drain
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Fig. 2.1 Schematics of (a) n-type MOSFET and (b) n-type TFET in the ON state.
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Fig. 2.2 Band diagrams of n-type TFET at (a) OFF state and (b) ON state.

regions. The device structures of an n-type MOSFET and an n-type TFET are illustrated
in Fig. 2.1. A p'-source is used in an n-type TFET, instead of an n'-source in an n-type
MOSFET. If the gate voltage (V) is below the threshold voltage (¥7), there is ideally no
available state for electrons below the Fermi level, in the valence band of the p+-source,
to tunnel into the bandgap of the channel region for current conduction (Fig. 2.2 (a)).
Furthermore, the distance for electrons in the source region to directly tunnel to the
conduction band of the drain region is fairly large, leading to a very small leakage
current at OFF state. On the other hand, when Vj is larger than V, the tunneling barrier
between the source and channel regions is greatly reduced, such that electrons in the
valence band of p'-source can tunnel for current conduction (Fig. 2.2(b)). Because of
this tunneling nature, the subthreshold slope can be smaller than the thermal limit of 60
mV/decade in a St MOSFET at room temperature [18].

Si TFETs demonstrate great promise for low-power applications because of its

sharp subthreshold slope. However, the ON state current in a Si TFET is fairly low



because of the large tunneling barrier resulting from the large bandgap of Si, limiting the
potential for device performance (i.e. switching speed). SiGe has been considered a
candidate because of its smaller bandgap energy and the compatibility of Si technology
[19]. Furthermore, theoretical work has predicted that the subthreshold slope can be
particularly sharp [20]. Two types of SiGe TFETs were proposed: (i) a heterojunction of
p -SiGe source with a Si channel [20] and (ii) a homojunction of p'-SiGe source with a
SiGe channel [21]. In the following sections, we present the work on band-to-band
tunneling in both p'-SiGe/n'-Si heterojunctions and p'-SiGe/n’-SiGe homojunctions,

which serves as a baseline for TFET device modeling.

2.2 Fundamentals of Band-to-Band Tunneling

2.2.1 Negative Differential Resistance

The most important feature of band-to-band tunneling in a heavily doped p-n
junction is the presence of negative differential resistance (NDR) in forward bias [22].
To observe NDR, two requirements have to be met. Firstly, a small tunneling barrier
resulting from a large electric field (usually > 10° V/m) in the p-n region is required for
tunneling to occur. Secondly, the Fermi level (Er) must be located within the valence
band in the p-type region and in the conduction band in the n-type region (Fig. 2.3);
otherwise, a monotonic increase of tunneling current with applied voltage would be
observed, such as Zener tunneling in reverse bias. Usually, in a degenerate doped p-n
junction, both requirements are satisfied. For example, if the doping levels are 5 x 10"

cm”, the electric field can be as large as 3 x 10° V/m by a device simulator [23],



Fig. 2.3 A degenerately doped p-n junction in Si at a small forward bias. eV, and eV,
represent the energy difference between the Fermi level in the n-type region and the
conduction band edge, and the Fermi level in the p-type region and the valence band
edge, respectively.

leading to a short tunneling distance of ~ 10 nm. At this doping level, Ej, is 88 meV
below the edge of the valence band in the p-type region, and Ej, is 94 meV above the
conduction band edge in the n-type region, at small forward biases.

In Fig. 2.4, the band diagrams (top) and the associated I-V curves (bottom) of
a degenerately doped tunneling diode are plotted. Initially, in reverse bias, Zener
tunneling occurs with the electrons in the valence band of the p-type region tunneling to
the conduction band of the n-type region (Fig. 2.4(a)). As the negative bias is increased,
the electric field in the p-n junction increases. Therefore, the tunneling barrier for
electrons becomes smaller, leading to a higher current.

At forward bias, the tunneling direction reverses. The electrons in the
conduction band of the n-type region now tunnel to the available states in the valence
band of the p-type region at the same energy level. At a certain bias (V>), a band of
electron energy in the n-type conduction band, aligned with a band of the unoccupied

states in the p-type valence band, leads to a peak current in forward bias (Fig. 2.4(b)). As

the applied voltage is increased slightly, some electrons at the highest energy levels in



Fig. 2.4 Band diagrams (top) and I-V curves (bottom) of a tunneling diode at different
biases.
the n-type conduction band cannot tunnel to the p-type valence band for current
conduction, since there is no available state at the same energy levels in the bandgap of
the p-type region (red arrow in the top part of Fig. 2.4(c)). As a result, the current starts
to drop (Fig. 2.4(c)). As the entire band filled with electrons in the n-type region is
completely “uncrossed” with all available states in the valence band of the p-type region,
tunneling ceases and the current becomes zero (Fig. 2.4(d)). When the applied bias is
further increased, more electrons (holes) in the conduction (valence) band of n-type
(p-type) region have enough energy to move towards the junction, with normal diode
characteristics (Fig. 2.4(e)).

Typically, the WKB approximation (Wentzel-Kramers-Brillouin method) is

used to estimate the tunneling probability 7, [24]:
T zexp[— 2 j| k(x)|dx}, 2.1)

where |k(x)| is the absolute value of the wavevector of the electron in the tunneling
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barrier, and x, and x, are the positions of the valence band edge and conduction band

edge in the p-type and n-type regions, respectively. The wavevector is

k(x) = ,/2;‘2* (PE-E), 2.2)

where m* is the effective mass of the tunneling electron, PE is the potential energy, and

E is the electron energy (top of Fig. 2.4 (b)). The tunneling probability is

ﬂqlm*Es 2F,
T, =exp| ———=——— |exp| —— |, (2.3)
22ehF,, E

where E, is the bandgap energy, Fj.q 1s the peak electric field in the p-n junction, £

is the energy associated with momentum perpendicular to the tunneling direction, and

Ey1s the measure of transverse momentum as given by [24]

4J2ehF
= S (2.4)

E, )
4 372'1/m*Eg

In thermal equilibrium, the net tunneling current /.., in a tunneling diode from
the p-type region to the n-type region is the difference between tunneling current of

1 and / as given by

p—n n—»p?

1,.,,= B[ F,(Eyn, (E)T[1 - Fo(E)n . (E)E, 25)

p—n

I, =B EFC (Eyn (E)L[1-F,(E)n, (E)dE, (2.6)

where B is a pre-factor, F(E) and F)(E) are the Fermi-Dirac distribution functions, 7; is
the tunneling probability and is assumed to be equal for both directions, and n(E) and

ny(E) are the density of states in the conduction band and valence band respectively.



Thus, the peak tunneling current can be calculated as [25]

3
_ 4 em* NmEE L, 2.7)

Il . =A——exp — :

D= j [FC(E)—FV(E)]-{I—exp(— EES HdE, (2.8)

eff

where A4 is the device area, D is the effective density of states, Es is the smaller of Ej,
and Ej, which are the energies of the hole and electron, measured from the edges of the
p-type valence band and n-type conduction band respectively.

To enhance tunneling current for TFET applications, a large electric field and
a small bandgap energy are preferred. By increasing the p-type doping level in the
source region of an n-type Si TFET, a higher ON state current is expected. Moreover, by
replacing Si with SiGe in the source region, the tunneling barrier between the
source-channel junction becomes smaller due to the smaller bandgap energy of SiGe
than Si. Therefore, the tunneling can be boosted further [7, 21]. Consequently, in this
chapter we focus on the dependence of band-to-band tunneling (BTBT) on the p-type
doping level and Ge fraction, in both forward and reverse biases. Experimental results

and model comparisons will be presented in the following sections.

2.2.2  Defect-Assisted Tunneling

In the preceding section, the fundamentals of tunneling were introduced
qualitatively and quantitatively, based on an assumption that the p-n junction is free of

defects. The derivation of the tunneling model was proceeded by assuming an ideal p-n
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junction without any defects. However, in practice, defects exist in the junction and
affect the tunneling characteristics. For all reported tunneling junctions made by
degenerately doping, an “excess” current at biases between negative differential
resistance and the onset of the thermal current was observed [22], and is defined as
defect-assisted tunneling (DAT) current in this thesis. Chynoweth et al. suggested that
this excess current results from an additional tunneling mechanism via junction defects
[26] at biases, where band-to-band tunneling is prohibited due to the complete
misalignment of energy bands of the n-type and p-type regions.

By intentionally introducing defects into the junction, Sah [27] and Weaver
[28] confirmed the existence of defect-assisted tunneling, and showed that NDR
disappeared when this excess tunneling current swamps the BTBT current. Thus, for an
accurate measure of BTBT in a p-n junction, the defect-assisted tunneling component
has to be eliminated (or heavily reduced) so that NDR can be observed.

In Fig. 2.5, a tunneling junction with defect states in the bandgap is illustrated
[26]. At this bias, the electron band in the n-type region is completely uncrossed with the

valence band in the p-type region, and is still far away from the normal diode operation;

T E, n"Si

Fig.2.5 Band diagram in a degenerately doped p-n junction, which shows the possible paths
of electron tunneling from the n-type conduction band to the p-type valence band, via defects
in the bandgap [26]. The shadowing areas represent the energy bands filled with electrons.
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thus, there is no tunneling. With the presence of defects in the junction, electrons in the
conduction band of the n-type region can actually move to the valence band of the
p-type region via several paths, such as (i) C to D, to V, (it) C to D, to V, or (iii) C to V
directly. For (1), electrons first tunnel to the defect state D, and recombine with holes in
the valence band. Conversely, for (ii) electrons move to the defect state D, first, and then
tunnel to the valence band. The last route for defect-assisted tunneling involves the
existence of continuous defect levels between the conduction band and the valence band,
where an electron loses its energy by these continuous transitions.

For simplicity, Chynoweth et al. assumed that path (ii) would dominate and
that the limiting step is the tunneling from D, to V, but not the recombination of C to D,
[26]. The defect-assisted tunneling (DAT) current is given by

Iy =KD, expl-a |E, —eV +0.6(E, +E, )|, (2.9)

where K is a pre-factor, D, is the defect density, a, is a constant, and V' is the applied

|
Sum
Thermal
DAT
Ip BTBT
A "V

Fig. 2.6 Three main current components in a tunneling diode in practice: BTBT current
(blue), DAT current (red), and thermal current (green), with their sum also shown
(black). There is no NDR, because DAT dominates over BTBT due to high defect
density in the p-n junction.
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voltage. The main factors of DAT current are the defect density, bandgap energy, and the
applied voltage (electric field). With a smaller bandgap or a larger bias (stronger electric
field), the tunneling probability from D, to V becomes higher, with the result that /47
increases. Between the peak voltage and the onset of the thermal current, the current
never falls to zero because of the presence of defect-assisted tunneling. Fig. 2.6 shows
I-V curves of a tunneling diode in practice with high defect density, where DAT swamps

BTBT at small biases so that NDR disappears.

2.3 Band-to-Band Tunneling in p*-SiGe/n"-Si Heterojunctions

2.3.1 Device Fabrication

For tunneling FET applications, SiGe has been suggested to replace Si for
higher tunneling currents due to its smaller bandgap energy [20]. In this section we
focus on band-to-band tunneling in p -SiGe/n’-Si heterojunctions. Since the level of
n-type dopant is limited to the level of 10" cm™ due to the low incorporation [29], for
the heavily doped n'-Si layer, we used ion implantation of phosphorus with multiple
steps to achieve a high doping level of 2 x 10%” cm™ (Table 2.1). Due to the high-dose
implantation, Si substrates became amorphous and defective. Thus, an annealing step is

required to re-crystallize the Si substrates and to remove the defects by implantation.

Table 2.1 Steps of ion implantation of phosphorus for n"-Si layer

Species: Phosphorus Step 1 Step 2 Step 3 Step 4
Energy (keV) 15 40 80 120
Dose (cm™?) 5 x 10" 7 x 10" 1 x 10" 2 x 10"
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Prior to being annealed, the implanted Si (100) wafers of phosphorus level of
~10% ¢cm™ were cleaned by H,SO4:H,0, (2.5:1) for 15 minutes followed by diluted HF
(1:100) in deionized (DI) water for 2 minutes to remove the residual oxide. Then the
wafers were loaded into the CVD reactor for high temperature annealing (700 ~ 1050 °C)
for 5 minutes, followed by p'-SiGe epitaxial growth. The growth pressure was 6 torr.
The temperatures for SiGe growth were 625 °C for Ge fractions of 14, 21, and 27%, and
575°C for 35 and 39%. The gas precursors were dichlorosilane (SiH,Cl,) and diluted
germane (0.8% GeHy in hydrogen) for SiGe growth. Diluted diborane (100 ppm in
hydrogen) was used for in-situ p-type doping. The thicknesses of the SiGe films were
kept below the critical thickness for each Ge fraction to avoid strain relaxation, which
could induce dislocation defects in the junction. After the epitaxial growth, the wafers
were mesa-etched by reactive-ion etching (RIE) to isolate the p-n junction and to define

the device area of 25 um x 25 pum. The etching gases were CF4 of 50 sccm and O, of

(a) P Ion Implant (d) Epitaxial growth
‘ ‘ ‘ ‘ ‘ ‘ p*-SiGe (~ 1 x 100 cm?3) ¢ 20 ~ 50 nm
v v v v v n*-Si (N 2x 1020 cm‘3)
n*-Si Sub n*-Si Sub
(b) After implant (€) Mesa etching
amorphous and defects created
~ p-SiGe I 70 ~ 150 nm
~200nm | [ n'Si (52X 10% cm ) n'-Si
n*-Si Sub n’-Si Sub
(c) After anealing (f) Electrical Contacts
crystallized and defects removed TVAL
\4 p*-SiGe
n*-Si (~ 2 x 1020 cm™) n*-Si
Qs n*-Si Sub
n*-Si Sub TUAT

Fig. 2.7 Fabrication steps of p'-SiGe/n"-Si heterojunction tunneling diodes.
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10 sccm. The chamber pressure was 100 mtorr and the RF power was 100 W. The
etching rate of SiGe films was ~ 100 nm/min. Lastly, Ti/Al was deposited on the top and
bottom surfaces for electrical contacts. The details of the fabrication steps are illustrated

in Fig. 2.7. I-V measurements were performed at room temperature.

Table 2.2 Growth parameters of p'-SiGe layers

Ge Fraction (%) Gas flow rates (sccm)  Growth Rate Thickness Doping level
and growth temp (DCS/GeH4/B,Hg) (nm/min) of p*-SiGe (nm) (em™)

14 (625°C) 26/50/100 3 25 1.0 x 107
21 (625°C) 26/100/125 6.5 44 1.3 x 10%
27 (625°C) 26/200/167 10 20 1.8 x 10%°
35 (575°C) 26/300/250 6.8 16 2.5 x 10%
38 (575°C) 26/400/350 5.7 14 0.8 x 10%

gy p’-SiGe  n’-Si 40

P I3

10%° 130

13 nm/dec 125

e

20

Ge Fraction (%)

Doping Concentration (cm™)

10" 4 15
10" 1"
5
1016 . R A I . I . I . 1 R 1 R O
0 20 40 60 80 100 120 140 160
Depth (nm)

Fig. 2.8 SIMS analysis of a p+-Sio_73Geo_27/n+-Si heterojunction tunneling diode
(sample #5150). The slopes of B trailing edge and P leading edge are 13 and 14
nm/decade respectively.

The information of Ge fraction, gas flow rates, growth rates, layer thicknesses,

and doping levels were collected by secondary ion mass spectrometry (SIMS) and listed
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in Table 2.2. A typical SIMS profile is shown in Fig. 2.8. For this device, the annealing
temperature was 950°C, and the phosphorus level after annealing is 2 x 10 cm™ and
flat. The boron level is ~ 1.5 x 10%° cm™. The slopes of the boron trailing edge and
phosphorus leading edge are 13 nm/decade and 14 nm/decade respectively. The former
is believed to be an artifact of SIMS due to the knock-on effect [30], and the later is

caused by surface segregation during epitaxy [31], which will be discussed in chapter 3.

23.2  Effects of Annealing Temperature on Negative Differential Resistance

We now study the effects of annealing temperature on the presence of negative
differential resistance in the implanted tunneling diodes. Several p+-Si0,73Geo,27/n+-Si
tunneling diodes with different annealing temperatures to remove the junction defects
were fabricated and were measured at room temperature, with their J-V curves shown in
Fig. 2.9. The boron and phosphorus levels are 1.5 x 10* ¢cm™ and 2 x 10* cm?
respectively. With 700 °C annealing, NDR was not observed because its defect-assisted
tunneling current is higher than the band-to-band tunneling current at small forward
biases, due to the lack of defect annealing. To observe NDR, a higher annealing
temperature is required to remove the defects. For the device annealed at 800 ~ 950°C,
NDR was observed. For 1050°C annealing there was no NDR, most likely because
strong dopant diffusion at such high temperatures reduces the junction abruptness and
the electric field, leading to a greatly reduced tunneling current despite the lower defect
density. As a figure of merit, the peak-to-valley current ratio (PVCR) at forward bias is

usually used to indicate the junction quality in a tunneling diode [22]. As shown in Fig.

2.9, a best PVCR of 2 was achieved in the device annealed at 900°C.
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Fig. 2.9 J-V curves of p+-Si0,73Geo,27/n+-Si heterojunction tunneling diodes at different
annealing temperatures.

Note that for some devices, a bump or hump of current in the region of NDR
was observed (e.g., diodes annealed at 850 °C and 900 °C in Fig. 2.9). We confirmed
this was due to the oscillations in the measurement circuit [32], which includes an
Agilent 4155C, electrical cables and probe station, and the tunneling devices. When the
oscillations occur, a dc I-V measurement contains ac components resulting from the
resonance of the entire circuit. As the tunneling diode enters the NDR region biased at a
voltage slightly larger than the peak voltage, ac components of current are induced by
the ac voltage swings. Near the peak voltage, any ac voltage swing results in the
reduction of the tunneling because of the fewer available states in the p-type valence
band at the same energy levels of the electrons in the n-type conduction band due to the
ac voltage deviations from the peak voltage. Thus, a dc I-V measurement gives a sharp
drop in current near the peak voltage, and no other physics is involved.

To further investigate the effects of annealing temperature on BTBT and DAT
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Fig. 2.10 Jpeur and Jpyr (at 0.3 V) of p+-Sio,73Geo,27/n+-Si heterojunction tunneling diodes
vs. annealing temperature.

current, we plotted the peak current density (Jys) and the DAT current density (Jp4r) at 0.3 V
versus annealing temperature in Fig. 2.10. For DAT, as the annealing temperature was increased,
Jp4r monotonically decreased due to fewer junction defects. For BTBT, as the annealing
temperature was increased, J,. first decreased slightly, before dropping sharply at T >900°C until
no NDR was observed at 1050°C. In practice, the peak current represents the sum of the BTBT
and DAT components at the peak voltage. For the annealing temperature of 800 ~ 900°C, Jp4r
decreases with annealing temperature, so Jp.. decreases as well, assuming to first order the BTBT
currentis constant. At 1050°C, despite the high efficiency of defect removal, the abruptness of
doping profiles is reduced even more due to strong dopant diffusion, leading to a smaller electric

field and less tunneling. Thus, J,eu drops further until NDR is gone.

233  Effects of Electric Field and Bandgap Energy on Band-to-Band Tunneling

To observe NDR in implanted p'-SiGe/n"-Si heterojunctions, a post-annealing
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Fig. 2.11 J-V curves of p+-Si0,73Geo.27/n+-Si heterojunction tunneling diodes of three
different boron concentrations.
step at certain temperatures is required. In the last section, we found that the best
annealing temperature was 900 °C which gave the highest PVCR. Thus, for all
heterojunctions devices of different boron levels and Ge fractions investigated in this
section, 900°C annealing was applied.

Firstly, p'-Sig.73Geg27/n"-Si diodes of a fixed n-type doping (phosphorus) of 2
x 10% cm?, and three different p-type doping levels (boron) at 0.75, 1.8, and 3.6 x
10%° cm™, were fabricated. The J-V curves are shown in Fig. 2.11. For each device, NDR
was clearly seen. As the boron level increases, the resulting higher electric field reduces
the tunneling barrier, so the peak tunneling current increases from 0.2 to 1 kA/cm®.
While BTBT current increases with the boron level, DAT current also increases because
of its tunneling nature.

Next, we present the results of the dependence of tunneling on Ge fraction in

p+-Si1_XGeX/n+-Si diodes with various Ge fractions of 14, 21, 27, 35, and 38%. The
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Fig. 2.12 J-V curves of p+-Si1_XGeX/n+-Si tunneling diodes of different Ge fractions.
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Fig. 2.13 Jpeak vs. A Vpeak for different Ge fractions. The linear dash line represents the
spreading resistance of n"-Si substrate.

annealing temperature for these devices was 900°C, and J-V curves are shown in Fig.
2.12. As the Ge fraction increases, the tunneling barrier reduces due to the smaller

bandgap energy, leading to stronger tunneling. As the Ge fraction increases from 0.14 to
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0.39, the peak tunneling current density increases by a factor of 10* from 0.01 to 9
kA/cm?, which is believed to be the highest reported among all Si-based tunneling
diodes by CVD. The peak voltage shifts to a larger value with Ge fraction because of the
series resistance. In those devices, the series resistance is dominated by the spreading
resistance in the Si substrate, so it is approximately constant for each device. Thus, the

shift of the peak voltage (A V) 1s proportional to the peak current density and

increases with the Ge fraction (Fig. 2.13).

2.4  Band-to-Band Tunneling in p'-SiGe/n*-SiGe Homojunctions

2.4.1 Device Fabrication

In this section, we discuss band-to-band tunneling in p'-SiGe/n’-SiGe
homojunctions. Similar to the fabrication steps of p'-SiGe/n’-Si heterojunction
tunneling diodes, the Si substrates were prepared by the same ex-situ cleaning steps,
before being loaded into the CVD reactor. Unlike for the heterojunction devices, both p*
and n" layers were epitaxially grown by in-situ doping CVD. Without implant steps,
radiation damage could be eliminated completely. Furthermore, the abruptness of the
doping profiles could be preserved, since post-annealing was no longer required before
epitaxial growth. Before growth, high temperature baking at 850°C for 5 minutes was
performed to remove the residual oxide on the Si substrates. SiH,Cl, and diluted GeH,
(0.8% in H,) were the precursors for SiGe growth. Diluted phosphine (PHs;) and

diborane (B,Hg) (both 100 ppm in H;) were used for n-type and p-type in-situ doping.
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Table 2.3 Growth parameters of p'-SiGe and n"-SiGe layers

Ge Fraction (%) Gas flow rates (sccm) GR Thickness of Critical Doping levels of
(growth temp) (DCS/GeHy/B,HyPH;)  (nm/min) p’-/m*-SiGe (nm) thickness (nm)  p*-/n*-SiGe (cm™)
14 (625°C) 26/50/100/100 3 32/18 450 1.3/0.7x10%
21 (625°C) 26/100/125/125 6.5 44/22 180 1.3/1.1x 10%
27 (625°C) 26/200/167/167 10 25/16 80 1.8/1.2x10%
35 (575°C) 26/300/250/250 6.8 15/12 35 3.5/2.4x10%

After baking, an n'-SiGe layer was immediately grown, followed by the
deposition of a p'-SiGe layer by fast switching between the doping gases. The diodes
with Ge fractions of 14, 21, and 27% were grown at 625°C with thicknesses of 50, 66,
and 40 nm, and the diode with a Ge fraction of 35% was grown at 575°C with a
thickness of 30 nm. The layer thicknesses, Ge fraction, and doping concentrations were
determined by SIMS (Table 2.3). Metastable critical thicknesses of strained SiGe layers
on Si substrates for Ge fraction of 14, 21, 27, and 35% are 450, 180, 80, and 35 nm,
respectively [33]. Therefore, we expected the layers to be biaxially compressively
strained, pseudomorphic to the Si substrates. Lastly, square mesas were dry-etched with
an area of 25um x 25 pum. Ti/Al was evaporated on the bottom of the wafers for the
n-side ohmic contact. For the p-side ohmic contact, Ti/Al was patterned on top of the
mesa by a combination of photolithography and lift-off with a contact area of 23 pm x

23 um between Ti/Al and the mesa.

2.4.2 Forward-Biased Band-to-Band Tunneling

First, we studied the effect of p-type doping levels on BTBT by varying the

boron concentration (N,: 1.7 to 5.1 x 10%° cm™) with a fixed phosphorus level of Np ~
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Fig. 2.14 J-V curves of p+-Sio_73Geo_27/n+-Sio_73Geo_27 homojunction tunneling diodes of
three different boron levels.

1.0 x 10*° ¢cm? in Sip.73Gep 27 tunneling diodes. NDR is clearly seen from the J-V
curves of these three devices (Fig. 2.14). The peak tunneling current density in forward
bias (Jyear,rp) Increases with the boron concentration from 1.7 to 8 kA/cmz, due to the
reduced tunneling barrier. The peak voltage is shifted to a larger value because of the
series resistance. A best PVCR of 3.6 is achieved with a peak tunneling current density
of 8.2 kA/cm?®, an indication of the high quality of the tunneling devices by in-situ
doping CVD.

Next, to study the effect of Ge fraction, strained p’-SiGe/n'-SiGe
homojunction tunneling diodes, with four different Ge fractions of 14, 21, 27, and 35%,
were grown and fabricated. J-V curves are shown with NDR clearly seen in Fig. 2.15.
Jpeak rp increases from 0.03 A/em” to 8.2 kA/cm® as the Ge fraction increases from 0.14
to 0.35 because of the smaller bandgap energy. While the increasing J,.. at forward bias
is evidence of the effect of Ge fraction on tunneling, the effect of different p-type doping

levels must be isolated to accurately extract the dependence of tunneling on Ge fraction.
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Fig. 2.15 J-V curves of p+-Si1_,(Gex/n+-Si1_XGeX homojunction diodes with four different
Ge fractions of 14, 21, 27, and 35%.

To understand how the forward-biased BTBT current is affected by SiGe
bandgap energy, we used a empirical model of bandgaps by Robbins ef al. based on their
photoluminescence measurements at 4 K [34], with a subtraction of 50 meV for the
difference between their measurements at 4 K and ours at room temperature [35], to

convert the measured Ge fractions into bandgap energies:
2
E,(300K)=1.17-0.896x + 0.396x" — 0.05 (eV), (2.10)

where x is the germanium fraction in Si;Gey alloys. We then used a correction
procedure to separate out the effect of doping profiles (shown schematically in Fig.
2.16), which were not the same for all Ge fractions. (E.g. N4 varied from 1.2 to 3.6 x
10* ¢m™ and Np varied from 0.7 to 2.5 x 10% cm'3). In summary, we used Egs. (2.4),
(2.7), and (2.8) to predict how the peak tunneling current density scales with the electric
field, and then adjusted the data points to reflect a single dopant profile at different Ge

fractions. First we calculate the peak voltage (V,car) and its peak electric field (Fjei), by
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Fig. 2.16 Correction procedure of peak tunneling current density for each Ge fraction to
a single set of fixed doping levels.

assuming perfectly abrupt doping profiles and no series resistance, with a single set of fixed
doping levels of Ny = 1.2 x 10*° cm™ and Np=0.7 x 10%° ¢cm™ for each Ge fraction. We
calculate the peak current density (Jpeak abrpe) Using Eqgs. (2.4), (2.7), and (2.8). Next, we use
the actual doping profiles measured by SIMS to calculate V,eu and Fjey using a device
simulator. We then calculate the peak current density (Jyeatsmss) at that field. The ratio of
these two current densities gives a correction factor to be applied to the experimental data
for the adjustment of doping levels for all Ge fractions, so a comparison of data with a
single set of doping profiles (N, = 1.2 x10*° cm™ and Np =0.7 x 10% cm™) can be made.
After measuring the I-V curves of the devices to obtain Jyeak measureds W€ can calculate the

corrected peak current density (Jpeak correcied) USINg the relationship of

J _ J peak ,abrupt
peak ,corrected ~— ¥ peak,measured- .

(2.11)

peak ,SIMS
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Fig. 2.17 Jpear vs. Ge fraction. Blue squares are the experimental data, red squares
represent corrected data to a single set of fixed doping levels (N, = 1.2 x10* cm™ and
Np=0.7 x 10* cm™), and the solid line is the model prediction based on Egs. (2.4),
(2.7), and (2.8).

Fig. 2.17 shows the experimental (Jyeameasured) and corrected peak current
density (Jpeakcorrecrea) @s a function of Ge fraction (blue and red squares), and also a
theoretical prediction for a single set of doping levels assuming abrupt profiles (solid
line). For a Ge fraction of 0.14, Jyeak correcrea 18 1arger than Jpeux measurea because the actual
doping profiles were not abrupt, resulting in a smaller electric field. For higher Ge
fractions however, Jyeuk measurea Was larger than Jyeuk correciea because of the higher doping
levels for those devices. No adjustable parameters were used in the correction process.
Significantly, there is a good agreement between the slope of the theoretical calculation
of peak tunneling current and data corrected to a single set of doping levels versus
bandgap. This confirms that Egs. (2.4), (2.7), and (2.8) can be used to predict the

band-to-band tunneling of p'-SiGe/n"-SiGe homojunctions at current density up to ~ 10

kA/cm? in forward bias.
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2.4.3 Reverse-Biased Band-to-Band Tunneling

2.4.3.1 Effects of Defect-Assisted Tunneling

The operation of TFETs relies on BTBT under reverse bias, also known as
Zener tunneling [36]. In reverse bias, there is no simple clear feature such as NDR in
forward bias which can be used to confirm that the observed current is due to BTBT. For
example, defect states in the bandgap at the junction can lead to defect-assisted
tunneling (DAT) [26], in which an electron first tunnels from the valence band of the
p-type region to a defect state in the bandgap of the p-n junction, and then tunnels from
the defect state to the conduction band of the n-type region (Fig. 2.18). Because each
step of this process has a much lower tunneling barrier than direct BTBT, the two-step
DAT process can easily swamp the direct BTBT. To investigate the effects of the DAT
process, we examined tunneling in both forward and reverse biases in p'-SiGe/n"-Si
heterojunction tunneling diodes. The preparation steps of the heterojunction tunneling

diodes were introduced in section 2.3.1.

Defect assisted
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Fig. 2.18 Schematic of a band energy diagram for a p+-Sio_7gGeo_27/n+-Si heterojunction
to show the processes of band-to-band tunneling and defect-assisted tunneling in reverse
bias.
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Fig. 2.19 J-V curves of p+-Sio_7gGeo_27/n+-Si heterojunction tunneling diodes with three
annealing temperatures, showing the importance of the presence of NDR in forward bias
on the BTBT current in reverse-bias.

For a relatively low annealing temperature (700 °C), a fairly high current with
ohmic characteristics was observed at both forward and reverse biases, with no evidence
of NDR (Fig. 2.19). With 900°C annealing, a lower current with NDR at forward bias
was observed, with a lower current in reverse bias as well. We hypothesize that for the
device with 700 °C annealing, the current in forward and reverse biases was dominated
by the DAT process due to the incomplete annealing of the implanted damages, which
swamped the true BTBT current. The defect density (and thus the DAT process) was
reduced by 900 °C annealing, so that NDR at forward bias and the true BTBT current
density could be observed. In the sample annealed at 1050°C, NDR disappeared with a
much lower current density at both forward and reverse biases, because the diffusion of
dopants at 1050°C reduces the junction abruptness and the electric field. The main
message is that if NDR was not observed (e.g. at 700°C), the observed current in both

forward and reverse biases has a large DAT component, and cannot be used as a true
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measure of BTBT current. Consequently, we strongly suggest that to use reverse-biased

tunneling data for the calibration of a BTBT model, a demonstration of NDR at forward

bias is necessary to exclude the possibility of a dominant contribution of a

defect-assisted tunneling current.

2.4.3.2 Effects of Series Resistance

Zener tunneling (reverse-biased BTBT) in silicon-based devices was in the
past usually characterized at moderate doping levels (~ 10'® cm™). At such doping levels,
the current density is very low (~ 10* kA/ecm™ [36, 37]), so the effect of series resistance
could be ignored. However, for SiGe TFETs, operation at electric fields > 10’ V/m is
desired, leading to a high current level. Thus, the series resistance effect such as current
crowding must be considered for a precise calibration of BTBT in SiGe tunneling diodes.

Guo et al. suggested that by scaling down the mesa width (W) of the diodes, current

10°
— ——W=0.35um
NE i ——W =0.64 ym
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Fig. 2.20 J-V curves of Siy73Gep27 homojunction tunneling diodes with different mesa
widths.
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Fig.2.21 (a) An enlarged view of J-V curves in Fig. 2.20 at small reverse biases, and (b)
reverse-biased current density vs. wlatv= -0.1,-0.3,-0.5, -0.7, and -0.9 V, respectively.

crowding can be eliminated [38]. Therefore, we fabricated several Sip73Geg27
homojunction p'/n” diodes with mesa widths ranging from 50 pm to 0.35 pum using a
combination of photolithography and electron-beam lithography. The growth parameters
and layer structures are listed in Table 2.3. The current density at forward bias is shown
in Fig. 2.20, with clear NDR for each device. The average of Jyeut rp 1s 1.73 kA/cm? and
the deviations are within 5% for all mesa sizes, confirming a negligible contribution of
the leakage current via the mesa edges [39]. In reverse bias, the current density
approaches a constant level as the mesa width decreases (Fig. 2.21(a) and (b)). Because
(1) NDR is clearly seen at forward bias and (ii) the effect of series resistance was
eliminated by scaling down the mesa width, we believe the plateaus of the current

density Fig. 2.21(b) represent the true BTBT current density in reverse bias.

2.4.3.3 Comparison of Experimental Results and Models
We now seek to present BTBT in reverse bias as a function of the Ge fraction
and electric field for device designers to model TFETs and related devices. Similar to
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the peak current density at forward bias, the reverse-biased BTBT current (Jzrprrs) also
strongly depends on the electric field and bandgap energy. An analytical form of Jz77rs

in reverse bias based on Fair’s model [36] is

7 \2m *e3EﬁeldV —4./2m* Ej
= . exp ’
PR 4w [E, 3¢hF,,,

where V' is the applied voltage. The tunneling probability of electrons depends on the

(2.12)

tunneling distance. In a semiconductor p-n junction, the tunneling distance is inversely
proportional to the peak electric field [24], so log(Jzrarrs) in Eq. (2.12) depends on the
inverse of the electric field. The parameter of Jzzzrrs/V is plotted versus the electric
field (Fje) for different Ge fractions in Fig. 2.22, along with theoretical calculations
based on Eq. (2.12). For our devices, the electric field was varied by adjusting the

reverse bias from 0.1 to 0.9 V. As in forward bias, the measured SIMS doping profiles
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Fig. 2.22 Reverse-biased BTBT current density per volt (Jzrszrs/V) vs. electric field in SiGe BTBT.
Symbols are the experimental data, and multiple lines represent the model predictions based on Egs.

(2.10) and (2.12). An inset provides an enlarged view for high electric fields of 2to 3 x 10° V/m.
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and the device simulator were used to calculate the electric field for all devices. The
horizontal error bars in the electric field, which resulted from an estimated uncertainty
of £15 % in the doping levels, are also presented in Fig. 2.22.

At small electric fields (< 1 x 108 V/m), Eq. (2.12) predicts that Jzrerrs/V
rises sharply with Fj;s. On the other hand, at large electric fields, Jprarrs/V increases
much more slowly. For example, at low fields (Fjers = 5 % 107 V/m), Jgrerre/V of
Si9.73Gep 27 (red line in Fig. 2.22) increases by a factor of 2 x 10° as Flelq increases by
60%. However, at Feq =2 x 10® V/m, it only increases by a factor of 30. Our data of
reverse-biased tunneling conductance density (current density/voltage) at electric fields
of >2 x 10 V/m, which are between 3 — 1000 kA/cm>-V,, are in close agreement with
the model predictions (the inset in Fig. 2.22). This is fortuitous as our data points of
Jerarre/V are three to five orders of magnitude higher than those for Si BTBT at low
electric fields (< 1 x 10® V/m) [36, 37], where Eq. (2.12) has been applied.

To isolate the effect of bandgap energy, Jprsrrs/V vs. Ge fraction was plotted
at Fpeq=2 x 10® in Fig. 2.23 by interpolating between points in Fig. 2.22, along with
the model of Egs. (2.10) and (2.12). The horizontal error bars of + 6 % variations in the
peak electric field of Fig. 2.22 were used to estimate the resulting errors in the BTBT
current. Within the uncertainty in current introduced by the variation in electric field, the
results show that Egs. (2.10) and (2.12) can be used to model the dependence of Jzrz7zs
on Ge fraction. More complete modeling might include the effect of heavy doping on
bandgap energy, and the effects of strains on the effective density of states and the

effective mass of electrons, which are not considered in this work.
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Fig. 2.23 Jprerre vs. Ge fraction at Fpeg of 2 x 10® V/m. Points are the experimental
data with error bars, representing the effects of the variations in electric field (the
horizontal error bars in Fig. 2.22).

2.5 Summary

SiGe-based TFETs were proposed as replacements for Si TFETs because
higher tunneling current is expected for the smaller bandgap. We studied two types of
SiGe tunneling junction: p'-SiGe/n’-Si heterojunctions and p'-SiGe/n'-SiGe
homojunctions, to establish the relationship between the experiment results and models.
To observe NDR in implanted p'-SiGe/n"-Si heterojunction tunneling diodes, annealing
at high temperature is required to reduce defect-assisted-tunneling (DAT) via the
junction defects introduced during the implant process for n'-Si layer. For
low-temperature annealing, DAT swamps band-to-band tunneling, so no NDR was
observed. For high-temperature annealing, there was also no NDR observed because of

the reduced electric field resulting from strong dopant diffusion. For a Ge fraction of
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0.35, a peak tunneling current density of 8.2 kA/cm” in a homojunction tunneling diode
was reported, which is the highest for all Si-based tunneling diodes grown by CVD. For
p -SiGe/n"-SiGe homojunction tunneling diodes by in-situ doping CVD, defect-assisted
tunneling can be greatly reduced with an improved peak-to-valley current ratio of 3.6.

For both types of tunneling junctions, the effects of the electric field and Ge
fraction on BTBT at forward bias and bias bias were investigated. Increasing the doping
levels and Ge fraction enhances tunneling. We compared our experimental results in
forward bias with Kane’s model [25] and the reverse-biased experimental data with
Fair’s model [36], both in good agreement. This suggested the adequacy of Kane’s
model for predicting BTBT in strained SiGe junctions, at least up to a current density
level of 10* A/em? and 10° A/em? in forward and reverse biases, respectively.

We qualitatively demonstrated the importance of the presence of NDR in
reverse biased BTBT. With NDR observed in each device and the elimination of series
resistance by scaling down the device, the true measure of reverse-biased BTBT in SiGe

p'/n" homojunction was identified for the first time.
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Chapter 3 Surface Segregation of Phosphorus in
Relaxed Siy;Ge(; Layers Epitaxially Grown by

Chemical Vapor Deposition

3.1 Introduction

As device dimensions are scaled down, a sharp profile of dopants is becoming a key

factor to realize nano-scale semiconductor devices such as tunneling diodes [40],
tunneling field-effect transistors [20], and two-dimensional electron gases (2DEGs) in a
modulation-doped Si/SiGe heterostructure [41]. 2DEGs are of particular interest for
quantum dot (QD) applications. A QD is usually fabricated on a 2DEG, with top metal
Schottky depletion gates used to isolate a single electron in the underlying 2DEG layer.
However, the strong surface segregation of n-type dopants in a relaxed SiGe epitaxial
film can cause a high dopant concentration at the surface, resulting in high gate leakage
current and ineffective gating. Therefore, a sharp turn-off slope of n-type dopants is
necessary.

Although a turn-off slope of 2-3 nm/dec for antimony was reported in Si
epitaxial films grown by molecular beam epitaxy (MBE) [42], it has been difficult to
obtain such abrupt profiles for phosphorus and arsenic, the most common n-type
dopants in chemical vapor deposition (CVD) systems [43]. Several works were reported
to reduce phosphorus segregation in Si by ex-situ cleaning (13 nm/dec) [44] or by

introducing substitutional carbon atoms into Si epitaxial films (11 nm/dec) [45].
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However, the former approach requires a growth interruption, which may introduce
contaminants into the growth interface. For the latter, the control over carbon atoms into
substitutional sites is critical since the interstitial carbon could degrade device
performance due to their midgap energy states [46].

In this chapter, we report an extremely sharp phosphorus turn-off slope of 6
nm/dec in relaxed Sip;Geys films without any ex-situ cleaning step or introduction of
carbon into the epitaxial films. We found that the hydrogen coverage on the surface
during the growth plays an important role in the suppression of phosphorus segregation
in the CVD process at low temperatures (500 ~ 600 °C). Finally, a phenomenological

model is proposed to explain the effect of surface hydrogen on phosphorus segregation.

3.2 Two State Model

In our work, a matrix of Si and Ge atoms and surface hydrogen complicate the
analysis of phosphorus segregation. In a simpler case of phosphorus in Si (100), a
segregation energy of 0.64 eV, which was defined as the energy difference of
phosphorus in the surface and bulk layers, was firstly reported by Niitzel et al. [47] from
SIMS results. This work used a so-called two-state model (TSM) [48] of atoms moving
between the surface and sub-surface layers in Si. Later, by temperature programmed
desorption (TPD), Cho et al. [49] reported a segregation enthalpy of 0.86 eV, which is
essentially the same as the segregation energy defined in the TSM. The P coverage in
Niitzel’s work [47] and Cho’s work [49] was larger than 0.1 monolayer (ML), and the
major Si surface structures with P surface coverage > 0.1 ML was previously by Yu et al.

[50] as a mixture of Si—Si, Si—P, and P-P dimers. Sen et al. [51] used density functional
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theory to predict the different favorable sites for surface phosphorus atoms at coverage
above and below 0.13 ML. Thus, the work in [50, 51] might not be directly relevant to

our experimental results since the integrated phosphorus doses in our samples are at

most 5x10" c¢m™? (~ 0.01 ML). Other works on Sb [52], As [53], and Ge [54, 55]
surface segregation in Si have also been modeled by using a TSM. In addition, those
works all ignored any temperature dependence of attempt frequency and used the
segregation energy to reflect all temperature effects. Thus, in this chapter, we also use a
modified TSM to investigate phosphorus segregation in a more complicated structure of
relaxed Siy ;Gey 3 layers.

A two-state model (TSM) describes the dopant segregation as an exchange
process of P atoms and host atoms (Si or Ge in this study) between the surface layer and
the sub-surface layer (Fig. 3.1). The rate equations governing this exchange process

between those two layers are

(= my) 4 (=), 3.1)
dt

%: —ryny(1=n)+ rgny (1=ny) (3.2)
—_— (3.3)
y = WL , (3:4)

where n; and n, are the normalized concentrations of phosphorus in the sub-surface
layer (layer 1) and the surface layer (layer 2), r; and r,; are the jumping rates of

phosphorus from the sub-surface layer to the surface layer, and vice versa. E; is the

37



Growth
Direction

N

Dangling bonds

Segregation

Fig.3.1  Schematic of atomic layer structures near the surface during the epitaxial growth.

activation energy barrier facing phosphorus in the sub-surface layer, AEy,, is the
segregation energy, which represents the difference of activation barriers of layer 1 and
layer 2, and v is the attempt frequency (Fig. 3.2). We assume a single attempt frequency
independent of temperature as previous reports suggested for phosphorus segregation in
Si [47, 48, 49, 53, 54, 55]. It is assumed that P atoms below the sub-surface layer are
trapped and cannot diffuse during the time of the growth. Assuming 7, and n, << 1, the
differential rate equations can be solved and an analytical form of phosphorus turn-off
slope xo (nm/decade) is given by [56]

_a,ln10 1

Xo = —AE, a >
4 ud —[”12‘*"’21]70
Infl+e ¥ |—-Inll-e 4GR

where qy is lattice constant and GR is the growth rate.

(3.5)

According to the TSM, the surface segregation occurs because P atoms at the
sub-surface layer tend to stay in the surface layer due to the lower energy level in the
surface layer (Fig. 3.2). At thermal equilibrium (low growth rates), the surface

segregation is determined by the ratio of the phosphorus concentrations at the surface
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Fig. 3.2 Schematic of phosphorus energy near the surface during the epitaxial growth
in a two-state model. Layer 2 represents the surface layer and layer 1 (sub-surface layer)
represents the next layer below the surface.

and sub-surface layers (n,/n;), which only relies on the temperature and the segregation
energy (AE,,;) through the first term in the denominator of Eq. (3.5). At lower
temperatures, if still in equilibrium, more P atoms are trapped in the surface layer than in
the sub-surface layer due to the lower energy state of the former, so the segregation is
stronger. On the other hand, in the kinetic-limited regime of high growth rates, P atoms
in the sub-surface layer cannot reach the equilibrium with those in the surface layer.
Therefore, phosphorus will be trapped in the sub-surface layer and the limiting factor is
its activation energy barrier E;. As the temperature is reduced, the probability of
phosphorus jumping across the barrier to the surface layer is smaller because of the
lower kinetic energy of phosphorus. As a result, phosphorus segregation is reduced. This
physical limit has been applied to reduce phosphorus segregation in Si (100) grown by

MBE at temperature below 500 °C [47], and the best turn-off slope (4 nm/dec) for P in
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Si grown by a combination of scanning tunneling microscopy and MBE was reported by

room-temperature growth [57].

3.3 Failure of Two-State Model

3.3.1 Experimental Results

In this work, Si (100) substrates (for strained SiGe) and polished relaxed
Sip7Gey 3 virtual substrates with a graded Si;.xGey (0 < x < 0.3) buffer layer grown on Si
(100) substrates (for relaxed SiGe) were used to study phosphorus segregation. Prior to
being placed into the reactor, substrates were cleaned by the following steps: 5 min in
diluted HF (1%), 15 min in H,SO4: H,O; (2.5:1), followed by 2 min in diluted HF (1%).
Then the samples were heated to 850 °C in hydrogen gas at 6 torr to remove the residual
oxide before the epitaxial growth starts. The gas precursors were diluted silane (10 % in
argon) and GeHy (0.8 % in hydrogen) for Si and SiGe growth, and a diluted phosphine
(100 ppm in hydrogen) was the doping gas. The test structure for phosphorus
segregation is as follows: first, a 20-nm undoped Sip;Geo3 buffer layer was grown
followed by a 10-nm n-type Sip;Geos layer doped with phosphorus of peak level
between 10'® and 10" cm™. Both layers were grown at 575 °C and the growth rate was 5
nm/min. Then an undoped Siy7Geg3 cap layer was grown at 500 °C ~ 600 °C to study
the effect of growth temperature on phosphorus segregation, with its thickness between
30 to 150 nm. To investigate the effect of growth rate, we varied the growth rate of the
Sip7Geo 3 cap layers between 0.1 to 30 nm/min by adjusting the partial pressures of

silane and germane. The Ge fraction in the SiGe cap layer was between 0.28 to 0.30.
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Fig. 3.3 Phosphorus profiles in strained and relaxed Siy;Gegs layers grown at 575 °C
under the same growth conditions [56]. The growth rates of strained and relaxed
Sig7Gey 3 layers are 8§ nm/min and 6 nm/min, respectively.

Last, a thin Si cap layer of 4 nm was grown at 625 °C, with the growth rate of 2.5
nm/min. The films were subsequently characterized by SIMS to determine the
phosphorus profiles and the growth rates.

Most prior works of phosphorus segregation in SiGe were done in
compressively strained SiGe layers [53], not in the relaxed SiGe layers required for a
modulation-doped 2DEG, i.e. a higher conduction band edge in the SiGe layer than in
the Si layer. Thus, we compared the phosphorus profiles in strained and relaxed SiGe
films first. We found that the segregation is much worse in relaxed SiGe films than in
strained SiGe films (Fig. 3.3). For a growth temperature of 575 °C and growth rate of 5
nm/min, the turn-off slopes of phosphorus in strained and relaxed films are 27 and 41
nm/decade, respectively [56]. The fundamental reasons for this difference are unknown

and a further study is required. We then focused on phosphorus segregation in the
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Fig. 3.4 Phosphorus profiles in relaxed Si7Geo3 layers grown at 500, 550, and 600 °C.
Phosphorus supply was turned off at the depth of 45 nm. P turn-off slopes were 127, 40,
and 9 nm/decade for 600, 550, and 500 °C, respectively [56].
relaxed Sip7Gey 3 films.

Phosphorus profiles measured by SIMS for relaxed SiGe layers grown at 500,
550, and 600 °C are shown in Fig. 3.4. At a depth of 45 nm, the phosphine supply for the
doped layer was turned off and growth was continued without interruption. As the
growth temperature is reduced, the surface segregation is reduced, with the phosphorus
turn-off slope declining from 127 nm/dec at 600 °C to 9 nm/dec at 500 °C. By adjusting
the gas flow rates of silane and germane at 500 °C, an extremely sharp slope of 6
nm/min was obtained with the growth rate of 0.08 nm/min, which we believe is the
sharpest reported turn-off slope of phosphorus in relaxed SiGe films.

Our experimental data (points) of phosphorus turn-off slope vs. growth rate at
different temperatures (500 °C to 600 °C) and theoretical curves based on the TSM are

shown in Fig. 3.5. At 600 °C the segregation is near the transition between thermal
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Fig. 3.5 Phosphorus turn-off slope vs. growth rate for different temperatures.
Experimental results (points) and the theoretical prediction (lines) are presented for
comparison [56].

equilibrium and kinetic-limited regime. Thus, AE,,,,= 0.47 eV can be fitted by assuming
the experimental results were in the regime of thermal equilibrium. Furthermore, as
Niitzel ez al. [58] suggested that the attempt frequency would be between 10" to 10" Hz,
we selected v=1 x10'? Hz to fit the data at 600 °C and found E, =1.84 eV. Despite a
good match between the experimental data and the theoretical curve at 600 °C, there is a
large discrepancy between them at 500 °C to 575 °C. The low dependence of the
segregation on growth rate suggests the data at low temperatures were in the equilibrium
regime, not kinetically limited. However, the phosphorus slopes are much sharper at
lower temperatures, in contrast with what would be expected from the TSM in
equilibrium. This discrepancy cannot be resolved by simply adjusting the fitting

parameters.
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3.3.2 Effects of Hydrogen on Phosphorus Segregation

In the CVD process, hydrogen is used as a carrier gas and it is well established
that hydrogen could cover the surface by forming Si—H [59] or Ge—H bonds [60]. At
high temperatures, most of those bonds break easily and hydrogen desorbs, so the
surface coverage of hydrogen is nearly zero. At low temperatures, however, the thermal
energy is too low to break the Si—H or Ge—H bonds efficiently, so hydrogen will cover
most of the surface layer. Our data show that the phosphorus turn-off slope is nearly
constant with growth rate at a fixed temperature, suggesting that it is in the regime of
thermal equilibrium, with the segregation then depending on AEj,,.

At the heart of our model, we assume phenomenologically that the presence of
surface hydrogen changes the relative energy of P atoms in the surface and sub-surface
layers such that the segregation energy AE, is reduced. Thus, at lower temperatures,
the segregation will be suppressed due to higher hydrogen coverage on the surface.
Because of two types of surface sites (with or without H), in principle we could model
the problem with two segregation energies and a fraction of phosphorus segregation to
each site. However, the two energies would probably depend on the local numbers of Si
or Ge atoms, leading to too many parameters. Prior works by MBE and TPD used an
effective segregation energy [54, 55] to investigated the effect of hydrogen on Ge
segregation into Si (100), which we follow in this study. Thus, we treat AE,,ras a single
effective parameter which varies with hydrogen coverage as the temperature changes.

By the introduction of the ideas of an effect of hydrogen on phosphorus
segregation, a fit between the experimental data and the model is obtained by using

AE,,s as a fitting parameter at different temperatures or hydrogen pressures (Fig. 3.6),
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Fig. 3.6 Comparison of experimental data and modified TSM of phosphorus turn-off
slope vs. growth rate by including the effect of surface hydrogen on the segregation
energy (Es.y) [56]. The hydrogen pressure was 6 torr.
with AE, plotted vs. temperature in Fig. 3.7. At hydrogen pressure of 6 torr, the
reduced segregation at lower temperatures originates from a smaller segregation energy
AEg,r. The decrease of AEy,, with decreasing temperature will reduce the ratio of
phosphorus populations in the surface vs sub-surface layers (n,/n;), resulting in a
reduction of the segregation. On the other hand, AE,,, increases with temperature
because of less hydrogen coverage at higher temperatures. The reduced segregation
energy of P in Sip;Geo s with more surface hydrogen coverage follows the trend of Ge
segregation in Si [54, 55, 61].

To confirm that the main effect of segregation reduction comes from a change
of hydrogen coverage rather than a change of attempt frequency or other effects with
temperature, we adjusted hydrogen pressure to vary its surface coverage [62] at 575 °C

(Fig. 3.7). As expected, with higher hydrogen pressure (23 torr), the segregation is
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Fig. 3.7 Segregation energy (Eg,) vs. growth temperature. At 575 °C, Eg,s for
hydrogen pressure of 2, 6, 23 torr are also plotted to confirm the effect of surface
hydrogen on P surface segregation [56].

suppressed, leading to a lower effective segregation energy. The opposite trend is shown
with a lower hydrogen pressure of 2 torr. The effective segregation energy obtained in
this work ranges between 0.37 ~ 0.52 eV, which is lower than those published for P in Si
of 0.67 ~ 0.86 eV [47, 49] without hydrogen coverage. The difference could be

explained by the presence of surface hydrogen on Sij 7Gey 3 surface in this work, and the

SiGe matrix in our work vs. Si matrix in other work.

3.4 Summary

We studied the surface segregation of phosphorus in Sip7Geg 3 films grown by
CVD. The segregation in relaxed layers is stronger than in strained layers. Furthermore,

the segregation in relaxed SiGe layers is reduced as the temperature is decreased due to
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the higher surface coverage of hydrogen. We proposed a phenomenological model to
explain the effect of surface hydrogen on phosphorus segregation, where surface
hydrogen changed the bonding structure of host atoms near the surface and reduced the
segregation energy AE,as the growth temperature is decreased. Thus, the segregation
is suppressed at lower temperatures. An extremely sharp phosphorus turn-off slope of 6
nm/dec in relaxed Siyp7Geo 3 layers grown at 500 °C was also reported, enabling effective

Schottky gating on a modulation-doped Si two-dimensional electron gas (chapter 4).
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