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BULK SUBMILLIMETER-WAVE MIXERS: STRAIN AND SUPERLATTICES
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SUMMARY

Strained germanium crystals, doped with gallium, are used as heterodyne
mixers at THz frequencies, with IF bandwidths approaching a GHz. The mixer
performance (conversion loss and mixer noise) is analyzed in terms of non-
linearities associated with acceptor levels and with relaxation rates of free
holes. Comparison is made with similar mixers employing low-lying donor
levels in high-purity GaAs and with hot-electron InSb mixers.

INTRODUCTION

Stress has been used to tune the photoconductive response of lightly Ga-
doped Ge bolometers im the far infrared over the range 50 to 100 em—1 (100
to 200 um) (ref. 1).

The degeneracy of the valence band edge (fig. 1) and of the acceptor
ground levels is lifted by the strain (ref. 2). The acceptor binding energy
decreases with compressive strain (ref. 3). The split-off component of the
band edge that is higher in the gap dominates the character of the hole motion.
That is, for large strains the acceptor ground level wave function is a super-
position of wave functions for the energy-raised part of the valence band.

The effect of the wave functions of the energy-lowered part is small for
stresses approaching 104 kg/cmz. For somewhat weaker stress, the binding energy
is given by €(8) = €5+ €1/8, where €5 = 4.9 meV, €7 = 8.64 eV—kg/cm2 and S is
the stress in kg/cm#.

The mechanism for mixing in n-InSb is the power dependence of the mobility
(ref. 4). The mobility is temperature dependent, mainly due to momentum-
changing collisions of electrons with ionized impurities. The temperature
increases with the absorbed power. This power contains the usual contribution
that oscillates at the beat frequency between the signal and local-oscillator
frequencies. The response time is the energy relaxation time of hot electron
energy to the lattice, which time is 10-7s. This corresponds to an IF band-
width of ~3 MHz (FWHM).

Extensive far-infrared spectroscopy (ref. 5) and mixing experiments

(ref. 6) have been done in high-purity n-GaAs. The main mechanism for mixing
has been via the modulation of the density of conducting electrons upon
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photoionization of the low-lying donor levels. This photoionization might arise
from a two-step process of photoexcitation to an excited, bound level of the
donor, followed by rapid thermal (or near thermal) ionization by acoustic
phonons at 4K, with little carrier heating. The time response is the capture
relaxation time of the conduction electrons by the ionized donors, which time

is 1078s (about ten times shorter than for InSh). This corresponds to an

IF bandwidth of 30 MHz (FWHM). This time and bandwidth depend wupon the
density of capture centers, as determined by the doping, the degree of compen-
sation, the temperature, and the amount of photoionization.

Heterodyne mixing between the signal and local oscillator (LO) at THz
(1012 Hz) frequencies is detected in the photocurrent collected with an applied
bias voltage. The mixing is accomplished mainly through modulation of the
free—carrier density. The free carriers appear from the photoionization of the
impurity ground level. For acceptors (Ga), the bound holes are excited to
the valence band by absorption of the combined signal to be measured and the
LO0. See fig. 2. The modulation has a frequency (IF) equal to the difference
of frequencies of these two sources.

The depth of modulation rapidly decreases when the IF (in s_l) exceeds the
inverse-response time of the carrier density. This response time is mainly the
hole capture (recombination) time owing to ionized acceptors. The Coulomb-like
capture cross sections are very large at low temperatures. Compensation by
donors assures the presence of ionized acceptors despite the tendency for
carrier freezeout. Higher degrees of compensation and higher LO power
increase the number of capture centers and, thus, the ifdverse-response time,
which is the FWHM IF bandwidth (divided hy m).

MIXING MECHANISM

The photocurrent waveform in the crystal is the current density, j(t),
integrated over the cross-sectional area. Assuming carriers of only one type
for simplicity, j(t) = e n(t) v(t), where n and v are the number density and
velocity of the carriers. Then, in the small-signal limit, the current can
be modulated at the IF under three circumstances, i.e., the density can be
modulated at the IF, the velocity can be modulated at the IF, or one is modu-
lated at the LO frequency and the other at the signal frequency. A dc bias
current is also present. Modulation of the density, the first case, is mainly
caused by the square-law dependence on total incident electric field E(t), i.e.,
LO plus signal, E(t) = 1/2 [EL exp(-iwpt) + E; exp(-iwjt)] + complex conjugate,
through the rate of photoionization in p-Ge (Ga), or photo-excitation/ioniza-
tion in n-GaAs, or free-carrier absorption in n-InSb. Modulation of the
velocity, the second case, can occur through temperature dependence of the
mobility or through nonparabolic-band effects. The third case, modulating
density and velocity each at high frequency, really coresponds to a displace-
ment current density. Only the first case, modulation of the carrier density,
appears capable of both good sensitivity and large bandwidth. Modulation of
the velocity through the mobility is the hot electron mechanism of n-InSb,
while the other mechanisms appear too weak (ref. 7).
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The equation for the carrier density n in excess over dark conditions
is

. n
=tV -nv=n-—=
st — T

where n is the volume rate for carrier photogeneration and T 1is the carrier

recombination time. The dominant component at the IF for the current density
is given by

=e}—‘1‘.-E-:dcT —L.—l
2o 1 - iw T 4T B ]w © |l/2

where |1 denotes the mobility tensor in the presence of uniaxial strain, Egq. is
the bias field and o is the absorption coefficient (ecm~1) at the LO or signal

frequency, the distinction being neglected. Quantities associated with the IF,

LO, and signal frequencies are denoted by subscript o, L,and 1, respectively.

Conversion Loss

The intrinsic conversion loss L' is the ratio of the absorbed signal power
to the IF power associated with the above current density, i.e.,

L'=/d3ra|E //drj /20

where 0, is the IF conductivity and the integrals are over the crystal volume.
See fig. 3 for the geometry being used. Thus,

) (1 + wz T2) R,

L' R S - (D
2 PL.% n

where the responsivity&# = GeR /h[wLw1|l/2 (volts/watt) and the photoconductive
gain G = T/1g, where T4 = 2/uEdc, is the drift time along the crystal length &.
The power Pp, = Ep,2 cfw/8T, where w is the width (see fig. 3). The efficiency
factor n accounts for absorption and surface impedance-mismatch. The conver-
sion loss L based on power delivered to an IF load resistance Ry o is obtained
by multiplying L' by (Rg + Rg e)2/R R (ref 4).

The conversion loss for InSb is a similar expression as for L', when the
responsivity,, is set equal to the following (ref. 4): IR = [GeRo/(3kTe/2)]
(d 2n Rp/d 2n Te) and when T is replaced everywhere by Tg, the hot electron-
temperature (Tg) relaxation time. With the same absorption efficiencies n
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for the Ge- and InSb-cases, the conversion losses will be in the inverse square
of the ratio of the responsivities. Since this responsivity ratio is (1/7g)
(3kTeo/20wr) /(d nRy/d 2nTe) and since the first two factors are considerably
smaller than unity, and the third factor is approximately unity, the higher
conversion loss for Ge is evident. Note that the product GRy in the formula
for either responsivity is independent of the mobility and the crystal length.
However, L' is proportional to Ry, in equation (1), which makes L' vary
inversely with the mobility. The responsivity for Hgp. g Cdg .9 Te is reported
(ref. 8) to be 15 times higher than InSb, owing to a larger logarithmic deriva-
tive of the resistance when a magnetic field induces a transport anomaly at

low temperature. As seen in equation (1), the IF response has a half-width

at half-maximum equal to T‘l, where T is the effective recombination time.

As the 1O power is increased, this bandwidth is also increased, owing to the
appearance of additional ionized acceptors which have large capture cross-
sections.

Polarization Dependence

The ground acceptor level and the uppermost valence band edge have J = 3/2,
My = #1/2 for angular momentum quantum numbers. The electric dipole line-
strengths for the two orthogonal senses of linear polarization (parallel and
perpendicular to the uniaxial stress) are proportional to:

. 2 [ J 1 3 \?2 .
Sg= (23 + 1) M K M K K

where, in the Wigner 3-J symbol (ref. 9) K = 0 for parallel polarization, K =1
for perpendicular linear polarization, €5 = 1 and €7 = 1/2., Then S, = 4/15

and S1 = 16/15 = 4S,. Thus, polarization perpendicular to the stress is
preferred by the relative line strengths by a factor of four. The electric
dipole moment squared for absorption along either direction is also propor-
tional to the square of the inverse-mass component for that direction. Since
the ratio of perpendicular-to-parallel mass (ref. 3) is 2.5 for stress in the
[100] direction (and 3.2 for a [111l] stress direction), the mass dependence
more than offsets the above line-strength preference.

Noise Characteristics

Mixer IF noise consists mainly of thermal noise associated with dissipa-
tive processes, shot noise associated with the current produced by the LO, and
generation-recombination noise associated with ionization of impurities and
capture of carriers.
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The thermal noise is mainly caused by carrier—velocity fluctuations
<§v2> = .kT/m, so that the spectral density of current fluctuations in a band-
width Av is given by (ref. 10)

2 ( wn
> = ¥ —
<61wn /Av ﬁwn coth 2]T) Re Ynn .

where Y,, is the total admittance for mixer and external load or terminations.
The coth factor includes the zero-point quantum fluctuations. The frequency
(s=1) wp = wg + nwy,, is for the n-th sideband for an LO frequency wp, and an
IF, w,-

In general, Y, is the matrix element of admittance that multiplies the
small-signal voltage at frequency W, to give the small-signal current at
frequency wy. Thus,

= -1 +
Ymn Gm—n t (wo mmL) Cm-n

where Gy and Cy are the time-Fourier components of total conductance and
capacitance in the presence of the large-signal, periodic, LO electric field
(ref. 11) at the frequency wy .

Shot noise consists of charge-~density fluctuations owing to the discrete

particle nature of the carriers. The corresponding noise-Fourier correlation
matrix elements are given by

<6I_ &I *> [Av = 2e I
m n m-n

where Im_ is the (m-n)-th Fourier component of the large—amplitude current

waveform 1i(t) in the presence alone of the LO electric field at wp i.e.,
(e o)
—ikth
i(t) = E Ik e
k:—OO

The off-diagonal elements represent anomalous noise owing to correlations among
the up- and down-converted components of the modulated shot noise, which is
proportional to the instantaneous current i(t).

The noise temperature Ty of the mixer is determined by the apparent noise
current, acting in the signal sideband alone at the mixer input, that would
result in the observed IF noise voltage. This IF noise voltage is mainly the
result of thermal noise, LO shot-noise,and generation-recombination (g-r) noise
at all sidebands.
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If the impedance Zjj is the ij-th matrix element of the inverse of the
admittance matrix, then the apparent signal noise current in the bandwidth Av
is given by

hwl
hwl coth 2kTM Re Yll

Il

2
<cSle>/ Av

R E z . 7. <8I, 81>/ A //lz |2 (2)
€ oi “oj “°ti 9%37/ AV 01

i,]

hw
* i
< > = —— _ .
where Re GIi GIj /Av Gij hw, coth (2kT> Re Yii + 2eIi_j + (g-r) noise

~1 -1
~ R +
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C
Mm%t e
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%1
and
¢ o e eEL L G
10~ Zr " ol 172 T dupr
11 (L)L(L)O

The subscripts 0, 1 and L refer to the IF, the signal and the LO, respectively.
The admittances with subscript e refer to external loads or terminationms,
which may be suitably matching. Admittances are in Gaussian units. For prac-
tical units, replace c¢/4m by 1/Zy, where Z, is the wave impedance of free space.
The factor n is the overall efficiency factor for absorption of the incident
radiation, including the factor correcting for surface reflectance.

For no surface reflection and a thin crystal width, n ~ ow, where o is the
absorption coefficient for acceptor photoionization and w is the width. Equa-
tion (2) may be solved then for Ty.

With this admittance formalism, the conversion loss L can be rewritten
more generally (ref. 11) as

2
Ly, = Re(Zgy) Re(zll)/lell

01
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where the impedance matrix elements are obtained from the inverse admittance
matrix, which includes all sidebands together. The image sideband, for
example, at w_y can be expected to have some influence.

The photoconductor density fluctuations due to generation-recombination
(g-r) of the carriers is given by <6nﬁ> = n Py, T/(vol. 2 hwy,) , where vol.
is the crystal volume being illuminated. The g-r noise current is then

2

% ll--ez‘PL nG
<8I &8I >/Av = -
e} o th 1+ wg T2

This spectral shape (with respect to W,) arises from the exponential decay in
time, with correlation time T, of the density fluctuations. This noise source
is to be incorporated into the right-hand side of the equation for the mixer
temperature, equation (2). Space-charge effects can influence this spectral
shape (ref. 10). A particular concern is the plasma resonance near the hole
plasma frequency, wp = (41np e2/me)l/2. Spatial fluctuations cause charge
separation fields between holes and ionized acceptors. The divergence of

this field causes a V * v - contribution in the equation for the carrier
density, resulting in an enhancement of the above fluctuations by a factor
]e(wo)]‘z where

e(w ) ~ 1+ mz/(—im +—l—) (—iw + L)
o P o T o Tp

and T, is the mobility relaxation time. These expressions ignore the shielding
effects by electrons and the wavevector dependence, involving the Debye lengths.
The thermal noise will be enhanced through modification of the IF admittances.
Note that the plasma frequency is~1 GHz for o, = 1011 holes/em3.

HETEROJUNCTION — SUPERLATTICES

Spatially periodic heterojunctions (e.g., Ge/GaAs) establish walls of
adjacent one-dimensional potential wells and barriers. These can favorably
affect the hole density of states and collision/capture times in the valence
band (refs. 12 and 13). Improved mixer performance results from an increased
photoabsorption with a greater demsity of final states and from decreased
thermal noise with decreased dissipation in the IF sideband.

Major improvement would occur with an increased steepness of photocurrent
dependence on modulated power. Tunneling through the potential barriers allows
an exponential dependence. One means of introducing this dependence is to
consider that the power modulation causes a carrier density modulation An(t) in
the Ge doped with Ga., Note that the superlattice acts to 1lift the degeneracy
of the valence band edge much as strain would. The density modulation causes
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an electrostatic potential energy e¢ = 47 e2a2 An(t) /e, where & is the Ge
dielectric constant, and a is the radius of curvature of the band bending
(in the Ge potential wells) owing to excess holes near the walls to the adja-
cent barriers. See figure 4. This potential energy oscillates at the IF,

i.e., ¢ = ¢o cos wot.

This time dependence affects the hole quantum wave functions for the
potential wells. The resulting tunneling current AI, at the IF involves the
overlap of wave functions for modulated energy levels in the wells, whose
energies consistently differ by hw,. Thus, in terms given (ref. 14) by the
Bessel functions Jn’

[ee]

AL ~ Z J_(X) [Jnﬂ(x) + Jn_l(X):| I (eVy, + nhw)

n=--o

where X = edo/hw, and Igq. is the dc current as a function of bias voltage.
This function can be an approximate exponential function of bias voltage, which
is effectively (V3e + n hw,/e) for the n-photon contribution.

By appropriate spatial modulation of the doping and compensation in
the superlattice the carrier lifetime can be shortened to increase the band-
width, yet the mobility can be increased to reduce the noise and conversion
loss. This requires the trapping in the Ge wells to increase capture by
the local acceptors but the scatter of the two-dimensional hole gas, especially
by impurities in the GaAs barrier regions, to be reduced.

CONCLUSIONS

The mixing mechanism in stressed Ge is similar to that in high-purity
GaAs, and leads to larger bandwidths than for hot-electron InSb. Stress allows
tunability of the Ge (doped with Ga) in a wavelength range inaccessible to
n-GaAs even with magnetic fields.

Superlattices can provide exponential-type IF current-voltage characteris-—
tics for greater sensitivity. Spatial modulation of the doping and compensa-
tion can increase the bandwidth and the mobility for better performance, i.e.,
less conversion loss and less noise.
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Figure 1l.- Split valence bands of uniaxially compressed germanium. Uppermost
valence band is heavy hole (J = 3/2, Mg = +1/2) band with perpendicular
mass greater than parallel mass.
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Figure 2.- Nonlinear photoionization process for mixing. Width of individual
hole level within valence band (VB) is shown as 1/1, where T is effective
carrier lifetime. TLocal oscillator (LO) frequency, signal frequency, and
intermediate frequency (IF) are w_, wl, and wo, respectively, where

W o= W - w,.
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Figure 3.- Crystal geometry and directions for illumination, photocurrent,
and uniaxial stress.
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Figure 4.- Energy band diagram for p-Ge/GaAs (110) superlattice.
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