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Government. While this document is believed {0 contain correct information, neither the
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Abstract
Advanced Far Infrared Blocked Impurity Band Detectors based on
Germanium Liquid Phase Epitaxy
by
Christopher Sean Olsen
Doctor of Philosophy in Engineering - Materials Science & Mineral Engineering
University of California, Befkeley
Professor Eugene E. Haller
Germanium Blocked Impurity Band (BIB) detectors have been fabricated using
Liquid Phase Epitaxy (LPE) to gfow the high purity blocking layer and the heavily doped
infrared absorbing layer, the major components of these devices. To achieve the necessary
properties of both epilayers, very low structural and electrical defect concentrations are
required. We have developed a high purity LPE process which can be used for the growth
of high purity as well as purely doped Ge epilayers. We chose the low melting point, high
purity metal lead (Pb) which has a negligible solubility m solid‘ Ge and does not form
electronic levels in the band gap of Ge. We have identified the residual impurities Bi, P,
and Sb in the Ge epilayers and have determined that the Pb solvent is the source. We have
purified the Pb by approximately one order of magnitude using distillation. ‘The highest
purity Ge epilayers were grown with net-electrical impurity concentrations of 5x10" ¢cm™.
BIB detectors fabricated with just the purely doped absorbing layer grown on high purity
substrafes with LPE have shown responsivities as high as 1 A/W. The detectors exhibit an

extended wavelength cutoff when compared to standard Ge:Ga photoconductors (165 pum



vs. 120 pm) and show the expected asymmetric current-voltage characteristic. Optimizing
of doping and layer thickness have lead to improvements in absolute responsivity, Noise

Equivalent Power (NEP), and dark current.
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1. Introduction
1.1 Motivation for Far Infrared Detector Development

For astronomers and astrophysicists the far infrared (IR; spectral range from 50 to
400 cm™ holds a great wealth of information about many aspects of the universe. In this
range one can observe characteristic IR radiation emitted by excited atqmic or molecular
species which offers information about the radiating species (e.g. molecular structure) as
well as the temperature and density of these species. IR data can provide insight into the
mechanisms of star formation, physics of interstellar media, nature _of the galactic center,
early evolution of galaxies, and properties of primitive solar system material.(Pilbratt
1994) To view and image distant objects emitting in the infrared, telescopes must be fitted
with special infrared detectors. Imaging of large objects in the universe is achieved by
scanning a simple detector over the area of interest or more efficiently by using a two
dimensional (2D) array of detectors which can record a 2D image.

The IR sky is much brighter than the visible sky, but because of severe absorption
in the atmosphere the IR radiation does not reach the ground. Since the earth and
atmosphere are warm (300K), they emit in this same IR range. As the earth’s atmosphere
complétely absorbs all the radiation around 100 cm™ (12 meV), IR telescopes must either
be positioned at very high altitudes, on airplanes, or launched as satellites into space to
allow efficient IR detection. .S-ome‘ telescopes such as the Keck I & II on Mauna Kea in
Hawaii are land-based at an altitude close to 14,000 feet, where some IR penetrates the
residual atmosphere. By putting a telescope into an earth orbit, the atmosphere can be
avoided entirely. The Infrared Astronomical Satellite (IRAS) was the first such IR

telescope in space. It was launched in 1983 and it lead to the discovery of thousands of



new infrared sources.(Rieke, et al. 1986) The quality of the data collected by IRAS was
partly limited by the performance of the IR detectors. The discoveries, however, were
spectacular and have encouraged further space telescope missions. The Infrared Space
Observatory (ISO), launched in November of 1996 by the European Space Agency
(ESA), has been the most recent mission to observe the IR universe in more detail. I1SO
carries a Long Wavelength Spectrometer (LWS) that is sensitive from 43 to 197 um. This
whole spectral range is covered with 3 types of Ge photoconductive detectors, Ge:Be,
Ge:Ga, and stressed Ge:Ga. ESA is also planning the Far Infrared and Submillimetre
Space Telescope (FIRST) to operate from 85 to 600 um to be launched in 2006. NASA
is planning the launch of the Space Infrared Telescope Facility (SIRTF) in December of
2001. The Multiband Imaging Photometer for SIRTF project (MIPS) has been supplied
with Ge:Ga photoconductors by our rese:clrch group. SIRTF has three arrays for detecting
IR signals at 24, 70, and 160 um. For 70 um detection, a 32x32 Ge:Ga arrays have been
chosen, and at 160 um, a 2x20 stressed Ge:Ga detector array will be used. All of these
space missions require that IR detectors are low noise and have very low dark curfents,
because of the very low photon background in space. For the Stratospheric Observatory
for Infrared Astronomy (SOFIA) a second generation airplane based teleséope, IR
backgrounds will be relatively high and detector noise and dark current requirements will
not be as stringent as for low background missions. Thése past and future space telescope

missions have strongly stimulated research into improving far infrared detectors.



1.2 Photoconductors
1.2.1 Principles of Operation

One class of semiconductor IR detectors operates in the photoconductive mode.
These devices absorb photohs which in turn produce either phonons or free charge carriers
(electrons or holes). These carriers can then be. detected by measuring the change in
conduct_ivity they induce in the material. There exist two types of photoconductors:
Intrinsic photoconductofs which are undoped, and extrinsic photoconductors which are
doped with a specific impurity. Intrinsic photoconductors operate by the excitation of an
electron from the valence band to the conduction band, leaving behind a mobile hole in the
valence band. To make this trénsition, the electron must receive enough. energy to get
excited across the band gap, therefore only photons with energies greater than the band
gap of the semiconductor are detected. Most semiconductor band gap energies range
from 0.3 eV (near IR, example: InSb, HgCd,<Te) to 3 eV (blue light, example: ZnSe,
GaN). Hg,Cd,..Te detectors can operate from the near to the mid infrared (1.57 to 0.073 -
eV) depending on the composition of the alloy (x). The l.ow energy limit for Hg,Cd,.<Te
intrinsic photoconductors and photodiodes is due to difficulty controlling the alloy
composition at the microscopic level. Therefore, detection in the far IR cannot be
obtained with intrinsic photoconductors.

Extrinsic photoconductors function through the photoexcitation of an electron
(hqle) bound at a donor (acceptor) into the conduction (valence) band. The shallow or
“hydrogenic” impurity ionization energy, E, is the energy difference between the 1s-like

ground state of the impurity and the band edge. The ionization energy of shallow



impurities is much smaller than the band gap, thus such impurity ionization can be used to
detect photons of much longer wavelengths, A. The relationships between E, A, and v are

given in equation 1.1.
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Fig. 1.1 Schematic of extrinsic photoconductor

Since shallow impurity ionization energies are typically in the tens of meV range, very low
operating temperatures must be used to provide frozen-out neutral donors (acceptors) for
photoionization. After a neutral donor, D°, is photoionized,‘the free electron moves in the
conduction band under the applied electric field. The moving electron generates a
displacement current.I in the external circuit. The contribution of the electron to the total
signal current will depend on the distance / it travels in the photoconductor of width L
before it returns to another ionized donor, shown in Fig 1.1. The fraction traveled /L is
called the photoconductive (PC) gain G. G can vary from values much smaller than unity

to way above one. In the latter case, Ohmic contacts must reinject the charge carrier



leaving the photoconductive volume. The ionized donor will eventually be neutralized by
recombination with another electron.

The concentration of ionized donors at low temperatures will be equal to the

concentration of acceptors Np+ = Na-, due to compensation. A high concentration of

ionized donors will lead to small values of / causing the free electron contribution to the
conductivity to be small. Indeed the lifetime of a photoionized electron is proportional to
l/ND+ ~ I/N A~

pe— L (1.2)

o VN,
The free carrier velocity v and the capture cross section o. determine the rate of
recombination. The photocurrent is measured with a low noise, electronic amplifier
circuit. Degenerately doped (Ohmic) contacts are needed to form a small energy barrier
for electrons to enter and exit the device at low temperatures.

Photoconductivity is a dynamic process of carriers being generated and
recombining at charged impurity sites. The rate equation for the free carrier concentration
nis

dn n

an_,_"- 13
7877 (1.3)

vwhere g is the generation rate due to an external photon source, t is time, and 7 is the
carrier lifetime. The solution of equation 1.3 for a step increase (decrease) Angs. of the
geﬁeration rate Ag is

Ansee= Ag [1-T exp (-t / 7)] (1.4)

Angecay= Ag T exp (-t / 1) (1.5)



an exponential rise (decay) of the photosignal (Figure 1.2) which strongly depends on the
lifetime 7..

photocurrent

Fig. 1.2. Response of photoconductor to a square pulse of external radiation.

In the following section, specific parameters and figures of merit needed to
quantitatively characterize photoconductors will be discussed.
1.2.2 Figures of Merit

Several figures of merit are required to fully characterize a photoconductor. They
include responsivity, responsive quantum efficiency, spectral response, noise equivalent
power (NEP), and detective quantum eﬁic':iency.'

To develop a model for photoconductive respdnse, the PC gain is now re-
expressed as the ratio of the free carrier lifetime, T, over the transit time, t, shown in
equation 1.6. The transit time is the drift velocity, vaua, divided by the device length, L.
The drift velocity is the mobility, p, times the applied bias voltage V divided by L. We‘

now can write:

G:;Tz‘[luV (16)

r

The PC gain must be determined indirectly with measurable parameters.



Responsivity (R) is the ratio of the photoéonductive signal current and the incident
photon power, measured in Amperes per Watt. A high responsivity is desirable to
overcome electronic noise, especially when detecﬁng small signals. The responsivity, R, is
affected by many parameters and it strongly depends on wavelength. The responsivity is

given by the following equation.

R="=Gn (1.7)
hv

In the above equation, e is the electron charge, h is Planck’s constant, v is the frequency
of incident photons and m is the responsive quantum efficiency. Using the equation 1.2

and 1.6, the responsivity can be rewritten

_ev 1 i
hi? o V(N7 +n)

R= 14 nu

T (1.8)

For in-depth treatments of responsivity, the reader is referred to review articles by Bratt
1977, Haegel 1983, and Haller 1985.

Responsive quantum efficiency m is defined as the ratio of the flux of photons

absorbed, J,, to the flux of photons incident, J, upon the device and is given by the

following equation,

p=a {(l—r)[l—exp(—aL)]} | 19
J 1-rlexp(-al)]}

where 1 is reflectivity and o is the linear absorption coefficient of the material. The linear
absorption coefficient is equal to the dopant ionization cross section ¢ times the doping

concentration Np. The ionization cross section for shallow dopants in Ge is approximately

10 cm?®.(Wang, et al. 1986)



The reflectivity (r) is given by the following equation:

(no —n )2
——-—(no +ni)2 (1.10)

r=
where n, is the index of refraction of the medium that the light is traveling from and n, is
the index of refraction of the medium that the light is traveling into. For a photon
traveling from vacuum (n = 1) into Ge (n = 4), the reflectivity at one interface is 9/25 or
0.36. The reflectivity at the front surface can be minimized by applying anti-reflection
coatings and back surfaces can be implanted or metalized to raise the reflectivity. In the

work described in this thesis, reflectivity has not been modified by such measures.

Another important figure of merit of a detector is its spectral response, which is

the relative strength of the photoconductivity signal a’; different wavelengths. The spectral
response dictates in what wavelength range a detector can be used optimally. The
photoconductive response for a detector doped with shallow, hydrogenic centers rises
rapidly to a maximum when the photon has sufficient energy to raise the electron from the
ground state to the conduction band edge and higher. At, the band edge the density of
states is zero and no transition can occur. However, the density of states rises rapidly and
the transition probability follows E'2. Because of its large spatial dimensions the ground
state wévefunction has a rather small extension in k-space. The rapidly falling off

wavefunction leads to a drop of the spectral response proportional to (hv - Egound sate) .
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Fig. 1.3. Energy vs. k-space for a hydrogenic center exhibiting excited states.
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Figure 1.4. Photoconductivity spectral response of Ge:Ga and Ge:Sb.
(Beeman, et. al. 1996) Decrease in response starting at 125 cm™ is due to
the FTIR instrument response and IR filters.



An additional parameter used to characterize photoconductive detectors is the
Noise Equivalent Power (NEP). NEP is defined as the photon power required to produce

a signal to noise ratio of one per unit bandwidth.

NEP =L (1.11)
SIN

In the above equation P is the signal power (W), S is the signal current (A), and N is the
background noise current (A/\/Hz).(Haegel 1983) For satellite missions, a detector should
have low NEP and high quantum efficiency. NEP values as low as 10 W/VHz to 10
W/NHz are typical for the best far IR Ge:Ga photoconductors in very low background
applications. Ideally, the dete;:tor performance' should be background noise limited. The
background noise originates from the fluctuations in the photon stream, which is
unavoidable. NEPgp is the noise equivalent power of a given incident photon stream or
the Background Limited Incident Photons (BLIP). The fluctuations induce noise in the

detector and the NEP is given as
NEPg,» =2JPhv (1.12)

where P is the signal power and hv is the photon energy.(Haegel 1983)

The detective quantum efficiency (DQE) is a useful figure of merit for the

sensitivity of the photoconductor. It is given by:

NEP

measured
The DQE measures how much noisier a detector responds compared to the theoretical

noise limit.

10



In addition to the photon generated noise tﬁere are a number of electronic noise
sources. These additional noise sources can originate from the detector or the amplifier
electronics. |

Johnson-Nyquist noise is due to the random thermal motion of charge carriers in a

conductive material of resistance Rg. At the frequencies of relevance to our detectors,

Johnson-Nyquist noise is “white”, i.e., frequency independent.

Vaf = 1/4kTRQaV v (1.14)
In the above equation, k is the Boltzman constant T is the temperature.

Some electrical devices exhibit excess noise at low frequencies, which is called 1/f
noise. The physical mechanisms leading to 1/f noise are attributed to the modulation of
the conductivity inducing surface states, metal-sefniconductor contacts, and charge
trapping and detrapping at deep levels in depletion layers. If reliable Ohmic contacts are
used for photoconductors, 1/f noise can be minimized.

Generation-recombination noise is due to the random thermal generation‘/é)f free
carﬁe(s in the photoconductor and their subsequent recombination. This random change
in free carriers modulates the conductivity and results in current fluctuations.(van Vliet
1967) At low operating temperatures, thermal carrier generation is low and the resuitant
noise is due to the fluctuations in the recombination of photoionized carriers in the
photoconductor. This mechanism results in a dispersion of the gain, due to varying transit
times, but tends not to be a dominant noise source in IR photoconductors.

In low temperature photoconductors, the governing noise source is either photon

or the Johnson noise associated with the feedback resistor in the amplifier electronics or

11



possibly the resistance of the detector. For a 10" Q feedback resistor at T=2 K the
associated Johnson noise is ~1pV/VHz. The observed _noise background for our
photoconductors and amplifier circuit is ~2pV/VHz.

For space missions, very low photon backgrounds result in low NEPg.p values.
To reach an NEP value close to NEPg.p requires both detector and amplifier noise be
very small. Large responsivities help improve the detector NEP to achieve background
limited performance. ‘Airplane based telescopes such as the Stratospheric Observatory for
Infrared AstrOndmy (SOFIA) and high altitude based telescopes such as the Keck I & II
on Mauna Kea in Hawaii, have relatively high photon backgrounds and therefore high
NEPgLe. The high NEPg p limits the achievable sensitivity, therefore detectof and
amplifier noise requirements do not have to be as stringent as for low background
conditions.

1.2.3 Present Technology

Germanium extrinsic photoconductors are well sui‘;ed for far IR detection, because
they have impurity ionization energies ranging from 10 meV (80 cm™) to 100 meV (800
cm™). (Bratt 1977) Germanium detectors doped with shallow gallium acceptors (Ge:Ga)
respond from 83 cm™ to 250.cm™. Ge:Ga detectors are operated near T = 3.0 K to
minimize the dark current. The highest quantum efficiencies observed for Ge:Ga are
~10% while Ge:Be detectors can reach values as high as 50%.(Haegel 1983) The
responsivity for Ge:Ga is typically 3 A/W at near 100 cm’ for concentrations [Ga]=2x10"
cm™ and Np=10"? cm™ and near 15 A/W for Ge:Be detectors at =100 cm™ (Haegel 1983)

The quantum efficiency and responsivity of Ge:Be detectors are larger because greater

12



electric fields can be applied to Ge:Be before impact ionization occurs.(Sclar, et al. 1953)
This effect has been observed by other researchers.(Bratt 1977) Germanium detectors
doped with shallow antimony donors (Ge:Sb) respond from 80 cm™ to 250 cm™ with
similar responsivity and noise levels as Ge:Ga detectors due to the similar ionization
energies.(Beeman, et al. 1996)

Silicon is better suitedv for mid IR detection because its shallow dopant binding
energies are between 4 to 6 times larger than in Ge.(Sclar 1976) In contrast hydrogenic
donors such as silicon and sulfur in GaAs have ionization energies as small as 6 meV
(Ozeki 1977) that can be used to detect photons with wavenumbers as low as ~ 40 cm™.

Because of the large Bohr radius of shallow donors in GaAs, dopant
concentrations must be kept between 5x10”° and 1x10" cm® to prevent hopping
conduction which increases the dark current unacceptably. Theée impurity concentrations
are not achievable in bulk GaAs, but Liquid Phase Epitaxy (LPE) GaAs is currently under
development for IR photoconductors.(Wynne 1996) Using a dopant concentration of 10™
cm™ and an optical ionization cross section of 3.3x10™ cm’, (Stillman, et al. 1977) the.
linear absorption coefficient is around 3.3 cm™ for 6 meV photons. Due to the weak
absorption, rather thick GaAs epilayers must be grown (0.5 mm) to achieve a quantum
efficiency of over 10%.

The response of Germanium doped with shallow acceptors can be extended with
uniaxial stress out to /~50 cm™. Application of large uniaxial stress to p-type Ge lowers
the acceptor binding energy to ~.6 meV(48 cm™).(Haller 1979) Ge:Ga photoconductors

which are exposed to a large uniaxial stress have good sensitivity from 50 to 100 cm™, but

13



the mechanical stressing apparatus poses difficulties for fabricating detector arrays.
Stressed detectors are fragile and are bulkier with the mechanical stressing rig. They are
also subject to fracture during rocket launches. These drawbacks are some of the
limitations that have motivated research in the area of germanium blocked impurity band
(BIB) detectors. Advantages of BIB detectors over other conventional detectors will be
discussed in the following section. .

1.3 Blocked Impurity Band Detectors

1.3.1 Blocked Impurity Band Detectors: Structure and Operation

The Blocked Impurity Band (BIB) detector concept was proposed by Petroff and
Stapelbroek in 1980 ét Rockwell .Intemational Science Center. This detector was
developed to reduce high energy radiation interaction.. Cosmic radiation hits lead to large
concentrations of electron-hole pairs which can dramatically change detector responsivity
over significant time spans and which can easily overload the highly sensitive amplifier
electronics.

A BIB detectors consists of a two layer structure: a heavily doped (IR absorbing)
region and a thin, pure (blocking) layer. The two regions are sandwiched between two
degenerately doped contacts.(Figure 1.5) The absorbing region typically is 10 to 100 um
thick while the blocking region is much thinner, 2 to 5 pm.

The application of a positive voltage bias on the blocking layer side of a BIB
detector creates a depletion layer analogous but not equal to a depletion layer in a p-n
junction. In a p-n junction the depletion layer is devoid of free carriers (electrons and

holes) and contains locally fixed ionized acceptors and donors.

14
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Fig. 1.5 (top) Schematic of components of n-type BIB detector

(bottom) Energy band diagram of n-type BIB under reverse bias.
Unlike in a p-n junction the depletion layer in a n-type BIB is devoid of ionized donors.
Hopping conduction in the impurity band allows positively charged donor states (not the
donors) to move to the negatively biased contact via electrons moving through the banded
impurity states. The detector is at low femperature (T £ 2 K) such that electrons are
frozen out onto the impurity band. The width of the depletion layer W depends on the
minority dopant concentration N, in the IR absorbing layer, the blocking layer thickness t,

and the applied voltage V..( Petroff and Stapelbroek 1984)

Wz\/[:zggo(Va_Vbi)+t2:|_t (1.15)

eN,
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In the above equation, €g, is the dielectric constant and Vy; is the built in voltage.
'fhe built-in voltage is due to the dopant difference at the IR absorbing layer and pure
blocking layer interface. Typically, Vy; can be neglected because the applied bias is much
larger (V.>> Vy;). Photon excited charge carriers are only collected from the depleted
region W of the IR absorbing layer. Therefore W has to be sufficiently large to absorb a
significant fraction of the incoming IR photons. |

When the bias is first applied, electrons are injected from the negatively biased
- contact into the doped layer. A n-type BIB detector is shown with a positive bias on the
blocking layer side in Fig. 1.5. The electrons travel through the impurity level and are |
captured by the ionized donors. Thus, the positive donor states, not the actual impurities,
are swept out towards the negatively biased contact. The space charge remaining in the
depletion layer is given by ionized acceptors.

When a photon excites an electron inside the depletion layer into the conduction
band, this free carrier drifts in the electric field through the depletion layer and the
blocking layer in the conduction band to the positiilely charged contact. The positive
donor state D created in this ionization evént propagates via hopping of electrons from
neighboring neutral donors all the way to the negative electrode. Independent of the
location of the photoionization event, a total of one charg¢ crosses the total distance of
the depletion layer plus blocking layer. The collection of both the electron and the ionized
donor state results in unity photoconductive gain, which is one of the advantages of BIB
detectors over conventional photoconductors. This gain is defined by the ratio of the

mean free path of the charge produced in an ionization event and the interelectrode
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distance. Unity gain, in contrast to gain distribution found for standard photoconductors,
leads to lower electronic generation-recombination noise.

The IR absorbing layer is doped to a much higher concentration (~10' cm?
majority shallow impurities, ~10'2 cm™ minority impurities) than conventional
photoconductors (~10™ cm™ majority shallow impurities, ~10'% cm™ minority impurities).
At these high concentrations, the dopant bound carrier wavefunctions begin to overlap
leading to broadening of the dopant energy levels. The hopping conduction occurs
between the impurities, which would lead to large dark currents if the blocking layer were
not present. To suppress a hopping conduction current, the concentration in the blocking
layer must be below 10" to 10" ¢cm™ in Ge.

The increase in the width of the impurity energy band with dopant concentration
leads to a decrease in the effective ionization energy. For shallow levels in Ge, a decrease
in the ionization energy begins to occur near 5x10° ¢cm™ and at doping concentrations
above ~3x10"" cm™ the donor (acceptor) dopant band has merged with the conduction
(valence) band, leading to metallic conduction.(Debye and Conwell 1954) For shallow .
levels in Si, the ionization energy starts to decrease around 1x10"” cm™ and above doping
concentrations of 3x10™ cm™ the conduction is metallic.(Petroff and Stapelbroek 1985).
This decrease in ionization energy provides a photoconductive response at extended
wavelengths, a desirable property for many photodetector applications.

Reduction of césmic radiation absorption was the driving force for BIB detector
development. The high doping concentration provides increased absorbance requiring a

-thinner layer for efficient photon absorption. The resulting reduction in total detector
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volume of about 100 compared to standard photocoﬁductors decreases the rate of cosmic
radiation “hits” during device operation. All of these advantages were realized during the
development of Si BIB detectors.
1_.3.2 State of the Art of Silicon Blocked Impurity Band Detectors

The BIB detector was first developed in Silicon doped with As and Sb and showed
response to 28 and 40 pum respectively. During the development of the Si BIB, Petroff
and Stapelbroek published papers modeling the behavior of these BIB detectors. They
developed models for the activation process of carrier transport through the impurity band
of the IR absorbing layer. Petroff and Stapelbroek calculated an activation energy E, (eV)

for impurity band conduction.(Mott and Twose 1971)

2

E = L46(—— )N - 135N %) | (1.16)

e
dmee o
Np is the majority donor concentration (cm™), N, the minority acceptor concentration
(cm™), €¢, is the dielectric constant, and e the electron charge. Equation 1.16 was found
to yield activation energies between 2.5 and 4 meV for Ge BIB detectors which agrees
with hopping conduction data for Ge.(Shklovski and Efros 1984) |

For an ionization event in the depletion layer a positive donor state D" is created
and propagates via hopping of electrons from neighboring neutral donors all the way to
the negative electrode. The frequency response of the detectors was calculated using the

rate limiting step to be the collection of the ionized donors traveling in the impurity band.

The positive ionized donor state has a lower mobility pp. compared to the photoexcited
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electron in the conduction band with mobility u,. Equation 1.17 is the characteristic time

1p for collection of the D™ states.(Petroff and Stapelbroek 1985)

Tp = %o 1+ N exp(EA) (1.17)

T is temperature in K and k is the Boltzman constant. When a photon excites an electron
inside the depletion layer into the conduction band, this free carrier drifts in the electric
| field through the depletion layer and the blocking layer in the conduction band to the
positive contact. The collection time t. for the electrons is ~10° shorter than 1p.

o (1.18)

Tg =
etunNA

These response times were used to calculate the frequency dependent gain. The dc gain is
unity, unless recombination of the D* states and photogenerated electrons becomes
significant. ~ At high photon background conditions the collection efficiency falls off
because of this recombination process.

To calculate the spectral response, a Gaussian distribytion was used for the densityv
of states of the donor impurity band as depicted in Fig. 1.6. The absorption coefficient o

is calculated from

@ =0,NpV2rB[fPexp(-[E - E; 1/ 2B*)dE (1.19)
where B = (000leV +5x1072 (eVem®)N ) /42 (1.20)
and E; = Ep, -2B (1.21)
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Fig. 1.6. Energy vs. density of states for a donor impurity band.

where o, is photon absorption cross section, Np is the doping concentration, B is the
dopant impurity’s width in energy at half of the maximum density of states, Ep is the
ionization energy of a neutral donor, and E; is a reduced avérage photo-ionization energy.
Due to the complex behavior of the metal to insulator transition in semiconductors, the
exact behavior of broadening of the impurity level in not known. Petroff and Stapelbroek
presented the width dependence being proportional to Np in equation 1.20, but gave no
theoretical support. The Np prefactor is only applicable for Si in this relationship for B
due to the specific metal to insulator transition.‘ Another theory developed by Shklovskii
and Efros (1984) for hopping conduction finds B proportional to Np"* to be discussed

later.

20



Development of Si BIB detectors has had technological advantages over Ge BIB
detectors for several reasons. Si has deeper impurities such as P with Ec-45 meV as
opposed to E.-11 meV in Ge. Due to deeper impurities, hopping and banding conduction
occurs at higher concentrations. Therefore the maximum allowed concentration for. the
blocking layer is higher in Si (10" cm™) compared to Ge (10 ¢cm™). Also Si CVD is
technologically much more advanced compared to Ge CVD. Si BIB detectors doped with
As & Sb have been successfully developed uéing CVD.(Reynolds, et al. 1992; Huffman, et
al. 1992)
>1.3.3 Ge Blocked Impurity Band Detectors

Properly operating Ge BIB detectors should be competitive with stressed
photoconductors in the 6 meV (50 cm™) to 11 meV (90 cm™) photon energy range,
because the photoionization threshold of shallow dopants in the heavily doped absorbing
layer is extended to lower energies due to dopant-dopant interactions. The effective
ionization energy drops to 6 meV ( 50 cm™ ) for a shallow donor concentration near 10
cm®, |

The width of the absorbing region W has to be sufficiently large to capture a
significant fraction of the incorﬁing IR photons. Using equation 1.9, the quantum
efficiency has been plotted against the absorption coefficient a times the absorption length
W for a BIB detector. The quantum efficiency plateaus at 0.64 due to the reflectivity of
0.36 at the entrance surface. Using a photoionization coefficient of 10™* cm”® and an

absorbing layer concentration of 2x10" cm™, an aW of 2 can be achieved with a depletion

width of 100 um. Depletion widths of 10 to 100 um require that minority concentrations
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are of the order of 10'> cm™ or less in the doped layer. Figure 1.8 shows the relationship

of depletion vs. bias in Ge using equation 1.15 for a blocking layer thickness of 10 pm.

08

Quatum Efficiency
o
o

0.0

Fig. 1.7. Quantum efficiency vs. absorption coefficient times
absorption length W of a Ge BIB detector.
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Fig.1.8. Depletion Width of Ge BIB detector as a function of minority
concentrations for a blocking layer thickness of 10 um.
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Using equation 1.17, the frequency response of a Ge BIB detector was calculated.

- For the simulation shown in Fig. 1.9, the following parameters were used.

Parameter Value
Up+ 1 cm*/Vs
Np 3x10" cm™
Na 10% to 10" cm
EA ‘ 2 meV

Table 1.1 Parameters for frequency response simulation.

The activation energy E, was determined from hopping conduction transport in n-type

- Ge. (Shklovski and Efros 1984)
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Fig. 1.9. Device response time for two minority dopant concentrations.
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Ge BIB detectors have to be operated between 1.3 to 2.0 K to reduce the dark
current to acceptable levels. At 1.3 K the frequency response is approximately 100 Hz,
unless it is limited by some other mechanism sucﬁ as the RC response.

The spectral response of a Ge:Sb BIB detector (Fig. 1.10) was calculated using
equation 1.19. The energy width B in equation 1.20 was modified to correct for the
difference in metél to insulator transition between Si and Ge. The prefactor in front of the

Np was increased by 10.

10

T [Sbl=2x10'%em”

______ [Sb]=4x1 0'%cm™

0.8 —
[Sb]=6x10160m'3

0.6

0.4

Spectral Response (arb. units)

0.2

0.0 47 | - i ! | N R | L
20 40 60 80 100 120

Wavenumbers (cm'l)

Fig. 1.10. Theoretical spectral response of 2 Ge:Sb BIB detector using B o« Np.
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Parameter Value
N, 5x10" cm™
Np 2 to 6x10"° cm”
€ 16
Ep 10.3 meV

Table 1.2 Parameters used in cé.lculating theoretical spectral response.
The parameters vused in this model are given in Table 1.2. Because the energy broadening
given by Petroff and Stapelbroek may over estimate thé relationship to Np, another model
was used that was developed for hopping conduction under low compensation.(Shklovski

and Efros 1984; Pasquier, et al. 1994)

V4
N 2N1/3
B=043 =4| » where y =0995 12 (1.22)
Np g€,
1.0
. T [sbl=2x10'
______ 16
Sb}=4x10
0.8 — [50]

—  [Sb]=6x10"°

0.6

0.4

Spectral Response (arb. units)
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-1
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Fig.1.11. Theoretical spectral response of Ge:Sb BIB detector using B o« Np"'2.
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The spectral response in Fig. 1.11, underestimates the Broadening of the impurity
wavefunction due to an increase in the dopant concentration with B proportional to Np"*2.
Determining the dependence on Np is experimentally difficult, but properly working BIB
detectors may be useful in determining which of the two theoretical models is correct.
1.3.4 Review of Past Ge BIB Detector Efforts

Several attempts have been made to fabricate Ge BIB detectors using CVD.
Rossington’s work (1988) suffered from gas phase nucleation and inhomogeneties across
the wafer. In addition, epilayers tended to be impure due to the reactive gases. Earlier
attempts focused on using GeH,, because of lower reaction temperatures, but safety issues
prompted the use of GeCly. The higher temperatures required to crack GeCl, precursors
caused substrate dopant 6ut-diffusion which result;d in a dopant gradient at the epi-

substrate interface, where a sharp interface is preferred. Lutz (1991) showed that oxygen

contamination occurs at the epi-substrate interface at a concentration of 10'® cm™.

Spectral Response (arb. units)

40 80 120 160
Wavenumbers (cm'l)

Fig. 1.12. Spectral response of Ge:Ga BIB detector 3A1 at 1.7K.
(Watson and Huffman 1988)
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Watson and Huffman (1988) were able\ to produce detectors that responded to 50 cm™,
Fig. 1.12, but other figures of merit, such as dark current were very high and these
detector results were not reproducible. Boron ion implantation into high-purity Ge was
also used to form the infrared absorbing layer, but removing the substrate to leave a few
pm thin blocking layer was extremely difficult, and defects in the implanted infrared
absorbing layer could not be removed completely. (Wu 1993; Olsen 1994) Wu did have
some sﬁccess with extending the spectral response as shown in Fig. 1.13, but the response

was not reproduced in other devices.

| Spectral Response (arb. units)

H
o

80 120 160 200
Wavenumbers (cm'l)

Fig. 1.13. Spectral response of boron-implanted Ge BIB detector.(Wu, et al. 1991)

All these attempts to fabricate BIB detectors were successful to a degree, but still
were not satisfactory and reproducible. These partial successes prompted the exploration

of yet another epitaxial technique, Liquid Phase Epifaxy (LPE), to produce BIB detectors.
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2. Germanium Liquid Phase Epitaxy
2.1 Introduction
2.1.1 Background

The Liquid Phase Epitaxy (LPE) technique utilizes the controlled precipitation of a
dissolved material (soiute) onto a substrate by lowering the solvent temperature below the
liquidus temperature. The supersaturation in the solvent drives the growth onto low
energy surfaces, typically the substrate. Homogenous nucleation in the melt requires a
greater surface energy to form a nucleation site. The epitaxial growth restores the
composition of the solvent to the liquidus curve. Precipitation of Ge from the Pb occurs
on the Pb rich side of the phase diagram shown in Fig. 2.1.

1000

800

Temperature (°C)
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Fig. 2.1. Ge-Pb phase diagram.(Olesinski & Abbaschian 1984)
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In order to perform efficient and reproducible liquid phase epitaxial growth of Ge
with a Pb solvent, it is important to inspect the Ge-Pb phase diagram at low
concentrations of Ge. Two groups have measured this section of the phase diagram and
their data are plotted in Fig. 2.2. Thurmond and Kowalchik (1960) measured Ge
concentrations in Pb liquid from a temperature of 628°C to 785°C, while later on
Immorlica and Luddington (1981) determined the phase diagram over a wider temperature
range from 400°C to 700°C. Estimates of the Ge concentration in Pb for this research are
also included in Fig. 2.2.
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Fig. 2.2. Phase Diagram of Ge-Pb on the Pb rich side. (L = liquid phase,
L + Ge = liquid phase plus solid Ge, Pb + Ge = solid Pb & Ge).
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The composition was determined by holding the dissolution temperature constant
and increasing the amount of Pb until the Ge solute charge had dissolved completely. The

solubility data can be described by an exponential relationship:

X=X, ex
s. o0 €Xp( RT

) @1

with X, = pre—exﬁonential constant, X,= atom fraction solubility, AH = enthalpy of the

system, and R = universal gas constant.

Authors Xo AH
Immorlica & Luddington 172 67.5 kJ/mol
Thurmond & Kowalchik | 2.19x10° | 86.7 kJ/mol

Best fit for all data 380 72.7 kJ/mol

| Table 2.1 Solubility parameters for Ge-Pb system at low Ge concentration.

The dissolution of 2.5% Ge in Pb at 650°C allows thick epilayers of Ge to be grown from
Pb solutions. The solubility data is summarized in Table 2.1 for the Pb-Ge system at low
Ge concentrations.

Because of the solvent mediated surface transport,.LPE allows growth to occur at
lower temperatures than Molecular Beam Epitaxy (MBE) and Chemical Vapor Deposition
(CVD). At these lower témperatures, less impurities are generated by the growth chamber
materials. Despite these advantages, very limited research on Ge LPE and no systematic
studies on high purity Ge LPE have been performed.

2.1.2 LPE Growth Processes
Lateral microscopic growth occurs on viscinal surface steps on low index planes.

Viscinal surface steps are present when a substrate is slightly misoriented from the low
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index plane. This lateral microscopic growth results in perpendicular macroscopic growth

in the surface normal direction shown in Fig. 2.3.

Perpendicular

Macroscopic
4 Growth Lateral Microscopic Growth
—_—

y ¢

/

Epilayer
Substrate

Fig. 2.3. Terrace growth mechanism resulting in perpendicular macroscopic growth.

An example of this growth morphology is shown in Fig. 2.4.

Fig. 2.4. Surface morphology of LPE #277 at x225 magnification
with a 0.47°C/min. cooling rate.
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Fig. 2.5. Surface morphology of LPE #108 at x225 magnification
with 1.25°C/min. cooling rate.

The distance between steps on the surface increases for sloWer- cdoling rates,
because the steps have time to'coalesc;e. The step cb_alescénce increases t.he average step
height such tilat ‘tl'ley. become macroScopic._ At this point the large flat regibhs between tﬁe ,
steps are called terraces.(Bauser 1984) | | n |
For Ge LPE growth, perpendicuiar ma;:roscopic growth was obsérved for (111).

oriented substrates. For (100) oriented substrates, the low (111) surface energy résulted

in a flat top pyrarnid type of surface morphology, shown in Fig. 2.6.
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<111>

epilayer

Substrate

Fig. 2.6. Surface morphology of Ge LPE on (100) oriented substrates.

The (100) morphology lacks the planar quality needéd for fébricéting BIB
detectors, so all growths were performed on (111) oriented Ge substrates.

E. Bauser (1985) performed detailed studies of the growth mechanisms and
resulting morphologyv for LPE in the GaAs system. Bauser showed how the growth |

morphology depends on the substrate orientation.(Figure 2.7)

| s=0° |s<0.1° 822
Terrace  |Terrace | near- facet ‘near- | Terrace | Terrace
free |growth | facet growth | facet | growth | free
growth growth

Fig. 2.7. Schematic cross section of spherical substrate with LPE epilayer
grown on top. & is the misorientation of the substrate. (Bauser 1985)
Bauser used a spherical substrate with a radius of 1 meter to obtain all the morphology
dependencies in one epilayer growth. Bauser also showed that for facet growth at 6=0°,
" dislocations are required to provided growth steps. With dislocation free substrates, the

facet growth is extremely suppressed.(Bauser 1994)
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The growth rate of LPE has been shown in many material systems to be limited by
the diffusion in the melt.(Tiller 1968) Maintaining low cooling rates is essential if thick
films are desired. The Ge must diffuse through the solvent layer of thickness § that is

depleted of Ge at the melt-substrate interface.(Figure 2.9)
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Fig. 2.8. Diffusion of metals in Pb liquid.
(Roy and Chhabra 1995; Immorlica and Ludington 1981)

The diffusivity of Ge in Pb can be extrapolated to be 3x10™ cm?/s at 650°C. Other

elements have similar diffusivities near Ge in Figure 2.8:
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melt

0 Distance into the melt (X)

Fig. 2.9. Schematic of concentration gradient at surface of substrate.

Simple models for LPE have been developegi for calculating epilayer growth rates
and thickness.(Hsieh 1974) Most of these apply to step cooling used to induce the
supercooling. An equation for short growth times has been developed (Dt/L* <1). D is
the diffusion coefficient, t is time, and L is solution thickness. The epilayer thickness, H, is

given by

H= —Z—JE(ATH/Z + m3/2) (2.2)
Cim\ 7

where C; is the concentration of solute in the solid, m is the slope of the liquidus curve, o
is the cooling rate, and AT is the temperature difference of the supersaturation of the

solution.
For long times (Dt/L? >> 1) equation 2.2 no longer applies. Researchers have
observed for long ramp-cooling experiments that precipitates form on the surface of the

solvent. This work used long ramp-cooling to obtain thick (50 to 100 um) epilayers. Ge
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precipitates which compete as growth sites with the substrate were present on the sﬁrface
of the Pb solvent after growth runs. |
2.1.3 Convection in the Solvent

The cooling rate during LPE is kept low (<1°C/min.) to prevent thermal
convection of the solvent and constitutional supercooling,v which disrupts planar growth.
Associ;ted with the concentration gradient, dC/dx in the melt shown in Fig. 2.9, there is a
temperature gradient, Gy=dT/dx, which is related by the slope of the liquidus dT/dC.

(Minden 1970)

dr_dcdr

2.3)

melf

0 Distance into the melt (x)

Fig. 2.10. Schematic of temperature gradient in the melt at the substrate.

Convection cells across the substrate can disrupt the growth front and produce irregular
growth. Convection can be prevented by keeping the temperature gradient sufficiently
under a critical value for a given W, the solution thickness.(Tiller 1967) The critical

gradient G is given by
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Ge = R‘f" 2.4)
w'gh

Lord Rayleigh (1916) showed that an instability occurs for a fluid heated from below at a
critical transition value or Rayleigh number Rc is 1700£100. The instability occurs due to

a stratification of density which results from heating and thermal expansion.
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Fig. 2.11. Criteria for onset of cellular convection in the growth solution.

Equation 2.4 shows that convection depends on gravity g and properties of the Pb
solvent such as the thermal diffusivity o, the viscosity v, and the volume expansion

coefficient 3. These properties are summarized in Table 2.2.
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Property Pb value
o 0.11 cm?/s
v 0.0012 cm®/s
B 3x10° K

Table 2.2. Physical properties of Pb at 650°C.

Using the above equation 2.4 and a solution thickness of 8 mm appropriate for Ge
growth conditions, the boundary between a convective and quiescent solution occurs at a
temperature gradient of 24 °C per cm. This large a gradient is very unlikely to occur and
therefore we conclude that the Ge LPE growth in our system progresses under quiescent
solution conditions.

LPE growth occurs under extremely low temperature gradients such that the
process is very near equilibrium conditions. This leads to very low thermal stresses
(Astles 1990) and low dislocation densities.(Kumer and Takagi 1977)

2.1.4 Segregation of Impurities

LPE of high purity group IV semiconductors requires a solvent that does not by
itself contaminate (dope) the epitaxial layer and can be obtained with sufficient purity.
Growth of III-V compounds containing In or Ga is straightforward because group III
elements can be used as the solvent. LPE of doped GaAs from Ga solvent is a standard
commercial process for inexpensively fabricating Light Enﬁﬁing Diodes (LEDs). A
potentially good soivent for Ge LPE is Pb. As a group IV element Pb does not dope Ge.
It can be obtained in rather pure form, but further purification is necessary. The Pb
solubility in solid Ge is low and does not lead to precipates, strain, or increased

dislocations.
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LPE has specific advantages over other techniques such as Molecular Beam
Epitaxy (MBE) and Chemical Vapor Deposition (CVD). During the LPE process, most
impurities are incorporated in the solid at a concentration which is lower than in the liquid.
This segregation effect is significantly less pronounced_in gas to solid interfaces as they
exist in CVD. An approximation was developed for estimating segregation coeﬁicienfs
depending on the saturated impurity concentration in the solvent.(Rosenburg and Riveros
1974) For an impurity A the segrégation coefficient between the solid Ge and the Pb

solvent is given by equation 2.5 where X(Ag.) is the mole fraction of impurity A in Ge.

X (AGe ) Sat
- X(Gege) _ %cepb 2.5)
T X(4,,) = ySat ’
: Pb APb
X(Gep,)

The implications are that if A dissolves well in the Pb solvent, it will not incorporate into
the Ge solid, which is intuitive. The more surprising result is that segregation coefficients
will be smaller for a more dilﬁte system X(Gepy). For impurities that dissolve completely
in Pb, the segregation coefficients will be less than 2% at 650°C. By using phase diagram
information for the saturated impurity A concentration .in Pb, X*'(Ap), segregation
coefficients can be determined. Of the group V and III elements As, Sb, Bi, and In lie
approximately near 1% at 650°C. The temperature dependence of this relationship is
shown in Fig. 2.12 for some group III and V dopants. IOnly Ga and Al deviate to higher
values, 2.5% and 80% respectively near 650°C. There exists very little information about

the interactions of Pb with B or P.
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Fig. 2.12. Calculated effective segregation coeffictents for Pb-Ge system.

2.1.5 Tipping Method

The LPE tipping method was chosen to be most appropriate for high purity
growth. LPE of semiconductors has been performed with a number of different
approaches. Researchers have used the sliding boat and dipping methods for introducing
the. saturated solvent to initiate growth. The sliding boat technique has been known to
scratch substrate surfaces.(Saul and Roccasecca 1973) For tipping, the growth cycle is

initiated and terminated by tipping the solvent on and off of the substrate. A cross
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sectional schematic of the crucible design and tipping process is shown in Fig. 2.13 and

2.14 respectively

- l—substrate
clip

Ge
solute

Pb

Fig. 2.13. Schematic cross section of graphite crucible with Pb solvent.

A graphite clip holds the substrate in place during the tipping procedures and
protects approximately 10% of the substrate for later determining the epilayer thickness.
The Ge solute charge is dissolved while the solution is not in contact with the substrate
(Figure 2.14 left) and growth is initiated by tipping the crucible 80 to 90° counter

clockwise to pour the solvent onto the substrate.(Figure 2.14 right)

Fig. 2.14. (left) Dissolution of Ge solute charge. (right) Initiation of epitaxial growth.
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- 2.2 Review of Ge LPE Research

Some of the first transistors and diodes were made by alloying Ge and Si with a
molten metal such as In for p-type doping.(Hall 1952) H. Nelson (1963) explored the Ge
LPE system for manufacturing tunnel diodes and GaAs LPE fof lasers. Nelson showed
that LPE could produce single crystal films with very low dislocation densitie;.
Characterization of the epilayers was limited to the dislocation density, Laue X-ray, and
resistivity measurements. Immorlica and Luddington (1981) grew Ge epilayers from a Pb
solvent on GaAs substrates, but residual impurity concentrations were above 10" cm™.
Growth of Ge on GaAs substrates will always be impure, because the Ge-Pb solution is
not in equilibrium whenv it comes in contact with the substrate; thus the substrate will be
dissolved generatingv copious quantities of Ga and As, both shallow dopants. = Other
researcher have also limited their work to fabricating doped p-n junctions. Germanium
has been grown from Ga, In, Al, Au, Sn, As, Sb, Pb, Cd, Bi, and combinations of their
alloys.(Keck and Broder 1953; John 1958; Spitzer, et al. 1961; Kijima, et al. 1970) Most
of these metals are dopants in Ge and are not compatible with high-purity growth.

Until this work, LPE had not been used for high purity elemental semiconductor
growth, because the sblufe incorporates into the epilayer. Researchers have grown Si out
of Ga or In solutions resulting in moderate to heavy doping. (Konuma, et al. 1993) Bi, a
shallow donor in Ge, was hypothesized to have a low solid solubility (10" to 10" cm™) in
Ge below 650°C extrapolated from higher temperature solubility data.(Hall 1952) Ge
LPE growth was attempted with high pu_rity Bi solvents, but free electron concentrations

were always in the 10" cm? for films grown at a temperature 650°C, so this solvent was
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discontinued in this work. Both Sn and Pb are isoelectronic with Ge, but Sn is
incorporated into the epilayer at 2x10% cm™, which causes a lattice parameter increase and
strain.(Trumbore 1956) Pb is the ideal choice, because of its low solubility in the Ge
epilayer at growth temperatures of 650°C. Very little solubility data existé on Pb in Ge.
Only one solubility value has been measured from a crystal that was grown by a thermal
- gradient across a Pb solutién. The solubility at 805°C was 3.9x10" cm™.(Trumbore
1960) The solubility was extrapolated to lower temperatures with the segregation |
céefﬁcient of 1.7x10™ (Trumbore 1960) At 650°C, the solubility is estimated to be §x1016
cm®  Neither Secondary Ion Mass Spectroscopy (SIMS) nor X-ray fluorescence
techniques were able to detect any Pb in a Ge epilayer film grown for this work. The
SIMS measurement was limited due to the lack of a calibrated standard of Pb in Ge. The
X-ray fluorescence had an approximate detection limit of 10" cm™, so the Pb
concentration was determined to be below this. Pb in a matrix of Ge is difficult to
observe, because of the Lo(Pb) fluorescence line at 10.55 keV falls in-between the
Ko(Ge) line at 9.88 keV and KB(Ge) at 10.98 keV.(Culity 1978)
2.3 Growth Procedures

LPE epitaxial growth has been performed in the Pb-Ge system. Preliminary
research was done in a silica tube furnace with a graphite crucible and purged wifh aN;+
4% H, reducing atmosphere. For the control of oxygen contamination and purity, a silica
growth chamber with a vacuum system was designed and built specifically for Ge LPE.
The new growth chamber was designed and fabricated by the author. The system allows

tipping of the solution without any rotating or sliding seals. All materials in the growth
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chamber were chosen to be compatible with pure Ge and to be able to achieve impurity
concentrations in the parts per billion range. The silica tube and associated vacuum
system all rotate together along the silica tube axis. A schematic of the LPE growth

system is shown in Fig. 2.15.

ion gauge

. ;  turbo pump
s

exhaust

valve

Fig. 2.15. Schematic of Ge LPE Growth Chamber

The furnace in which the growth takes place is 36” long to ensure a sufficiently
long, flat temperature profile in the center. Silica baffles are spaced at 6” distances along
the length of the silica tube with 3 baffles on the gas input side and 3 on the exitb side. The
exit baffle has an additional disc that holds the graphite chcible and allows insertion and
removal of the crucible. The 52” silica tube' was configured in a simple design to allow
eaéy cleaning with 5% HF. A 6 mm diameter silica tube protects the internal environment
from the type K thermocouple that is inserted into th‘e graphite crucible. All vacuum
associated parts have been fabricated out of stainless steel and were cleaned with acetone

and methanol. ISO flanges® were used as vacuum seals with viton o-rings’. A Varian

! Semiconductor grade GE 214 silica tubes from G.M. Associates, Oakland, CA.
2 ISO-NW63 flanges from MDC Hawyard, CA
3 From Bay Seal Co. Hayward, CA.
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Turbo V-250 MacroTorr* pump has been used with a VAT® Series 20 high vacuum valve.
The pumps base pressure was 2x107 torr and the system together reaches a base pressure
of 1x10°® torr. The turbo pump, vacuum ion gauge, and high vacuum valve are suspended
on an aluminum base with wheels to allow access to the silica tube. Nupro regulating
4BMRG valves® were used to control the flow of Ar and H,. A 0.1 um filter was placed
on the Ar inlet to remove particulates. A Nupro 4C poppet check valve’ was used on the
exhaust side to hold vacuum but open under 1/3 psi overpressure. With the check valve
‘the system always runs under positive pressure. It was necessary to introduce a 1.5 um
 filter upstream of the check valve to remove Pb vapor in the gas stream that condensed on
the o-ring of the check valve. This particulate condensation prevented the check valve on
the exhaust side from sealing under vacuum. After the check valve, a flow meter was
positioned to monitor the gas exiting the system. The gas manifold was constructed with
304 SS tubing with VCR metal gasket butt welds at connection points. The VCR gaskets
were stainless steel with a silver coating to prevent galling. The tubing was cleaned with
acetone and methanol and heated under vacuum to degas residual impurities on the inner
surface. Tubing at rotation points was connected with stainless'steel bellows of 24” length
to allow for tipping of the solution and movement of the vacuum system platform.

Connection at the silica gas inlet was with a Cajon Ultra-Torr® elbow with viton o-rings.

4 Varian 969-9007 Turbo pump, Lexington, MA.

3 Vatterfly stainless 20040-PE04 valve, VAT Inc., Woburn, MA.

6 §S-4BMRG-VCR metering valve from Oakland Valve and Fitting, Concord, CA.

" Nupro SS-4C-VCR-1/3 poppet check valve from Oakland Valve & Fitting, Concord, CA..
& Cajon Ultra-Torr SS-4-UT-9 from Oakland Valve & Fitting, Concord, CA.
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Poco Graphite, Inc. machined and purified densified graphite (DFP-3-2)° crucibles

with a high temperature (T > 1500 °C) and Cl; gas process to remove metallic impurities.

Graphite crucibles, degassed in vacuum at 950°C in the growth chamber, were used to
hold the growth matenals. Ar gas (99.998%) was introduced at 950°C to clean the
graphite surface after baking in vacuum. Pb solvents of 99.9999% purity were saturated
with high-purity Ge under an atmospheric pressure of flowing H,. Pb charges were
prepared by removing PbO with dilute HNO;, followed by a rinsing with distilled H,0O,
dilute HCI, distilled H,0, and finally distilled methanol. A N jet was used to blow dry the
Pb charge. The HCI was used to reduce the Cu concentration introduced by the HNO;
solution. 'fhe effectiveness of this HCI treatment step was verified by comparing Cu
concentrations in ultra-pure Ge substrates after LPE growths using different Pb etching
solutions. Ge solute charges were cleaﬁed by a 4.1 HNO;:HF etch, distilled H,O rinse,
4:1 HNO;:HF etch, distilled H,O rinse, 5% HF solution, and distilled H,O rinse. Ge
substrates were prepared by chemo-mechanical polishing with 7:3:1 HzO: collodial silica
(Syton):H,0, to achieve an optically flat surface. Polished Ge surfaces have a flatness of
less than 20 nm height change over 1 mm, which corresponds to a substrate radius of 25
meters. (Knowlton 1995) Substrate orientation was not actively controlled, but substrates

were cut from crystals oriented in the [111] direction within approximately 0.2° estimated

from the crystal mounting and cutting process. Before growth, substrates were solvent

cleaned (kerosene ~70°C 3 min., acetone ~55°C 3 min., methanol 70°C 3 min.), etched 10

seconds with 20:1 HNO;:HF, distilled H,O rinse, 5% HF solution, distilled H,O rihse, and

? Poco Graphite, Inc., Decatur, TX
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rinsed with distilled methanol. Substrates were blown dry with a N, jet. The 10 second
etch was added to remove any surface damage due to the chemo-mechanical polishing.
Growth materials were loaded into the graphite crucible and immediately inserted
into the growth chamber. The chamber was sealed and pumped and purged twice with Ar
gas(99.998% pure). The chamber was heated to 300°C and pumped to a vacuum of
3x10° torr to drive off any water vapor and to verify the integrity of the vacuum seals.
The high vacuum valve was closed and ultra-pure H, from a Pd-diffusion cell was
introduced at a flow rate ~0.6 L/min. The thermal growth cycle is shown in Fig. 2.16.
The growth chamber was ramped to 650°C and held for 6 to 8 hours to dissolve the Ge
charge into the Pb solvent. The temperature was reduced at a linear rate of ~0.3°C/min.
At an undercooling of a 1-3°C, the solvent was tipped onto the substrate. When the
chamber has reached a temperature of 340°C, the solvent was tipped off the substrate to
terminafe growth. H, gas was turned off and Ar introduced to purge the chamber.

Residual Pb on the epilayer surface was removed with a 1:1 Acetic acid:H,O; solution.

T(°C) Ge charge dissolution
Py /______R
650 T

tip solvent on

tip solvent off

Fig. 2.16. Thermal growth cycle for Ge LPE epitaxy.
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2.4 Epilayer Characterization

Epilayer thickness was determined with a Zeiss optical microscope to within +2
um. By comparing the focal distance of the epilayer to tﬁat of the substrate, the thickness
was measured. A portion of the substrate was protected by a graphite clip during growth
to allow the thickness measurement. Hall effect and resistivity were used for determining
the residual impurity type, the free carrier concentration, and the Hall mobility. Hall effect
measurements were performed at 77 K to c