IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 11, NOVEMBER 1988

1469

Temperature Variable Noise and Electrical
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Abstract —Gold-gallium arsenide Schottky barrier diodes on MBE-
grown epitaxial gallium arsenide intended for cryogenic mm-wave mixer
applications have been fabricated and characterized. The Schottky barriers
were formed either by pulse plating or by in situ evaporation in the MBE
system after the epitaxial growth. The equivalent temperature © as derived
from the current—voltage characteristic (equal to the ideality factor v times
the physical temperature T;), important for low noise, is considerably
lower at high current densities and cryogenic temperature as compared
with the more commonly used Pt—GaAs Schottky diode. Noise generation
mechanisms are investigated as a function of forward bias and tempera-
ture. At cryogenic temperature we obtained at best an equivalent noise
temperature of 22 K at 4 GHz for dc-biased diode, which to our knowledge
is the lowest reported for GaAs diodes. Results from mixer measurements
at millimeter wavelengths and cryogenic temperature are presented and
discussed.

1. INTRODUCTION

HE MOST RELIABLE and cost-effective low-noise

receivers above 60 GHz are today based on cryogeni-
cally cooled small-area Schottky barrier diode mixers. It
has previously been shown that the noise properties of
such a mixer are critically dependent on the properties of
the Schottky diode and especially on the quality of the
metal-semiconductor interface [1]-[8]. Currently, most
mm-wave mixer diode manufacturers use platinum as the
Schottky metal in spite of its tendency to react with GaAs
[7), [8], forming different compounds at the metal-semi-
conductor interface that may degrade the mixer perfor-
mance. .

In this work, we have investigated Au—-GaAs Schottky
diodes, since gold is known to be less reactive on GaAs
than platinum. Consequently more ideal electric character-
istics can be expected. Since the performance of the diodes
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is critically dependent on the fabrication, some important
fabrication steps are described and discussed.

It can be shown that mixer properties, and in particular
the mixer noise, are closely related to features found in the
I-V characteristic and noise performance of the dc-biased
diode. Consequently these diode characteristics are in-
vestigated in detail. The results are compared with previ-
ous results obtained from measurements on Pt-GaAs
Schottky diodes.

Finally, measurements of mixer properties of Au—GaAs
diodes are presented and discussed.

II. FABRICATION PROCEDURES

Two sets of diodes with gold anodes, CTH 2545 and
CTH 928, were fabricated using somewhat different proce-
dures. Both diodes are of the Mott type; i.e., the epi layer
is depleted except for very high forward voltages. CTH
2545 has a lowly doped epi layer to decrease the shot
noise. The Schottky metal on CTH 928 is deposited inside
the MBE growth chamber in order to achieve a clean
interface between metal and semiconductor.

The substrates are horizontal Bridgeman Si-doped
(N;=2-3-10'"® cm~?) GaAs. The epi layer on CTH 928
was grown in a Varian 360 MBE system at Chalmers
University of Technology. The growth rate was 1 pum/h
and the substrate temperature was 600°C. The material
parameters of the diodes are listed in Table L

The CTH 2545 material was processed in' the following
way. After MBE growth, 0.45 pm of SiO, was deposited by
atmospheric pressure CVD (chemical vapor deposition),
the wafers were thinned down to 125 um, and AuGe
ohmic contacts were formed on the backsides. After photo-
lithography, holes were etched in the SiO, using a CF,
plasma. The holes were then etched by dilute buffered HF,
although there was no visual oxide left after the plasma
etching. In order to eliminate surface damage, caused by
the different coefficients of thermal expansion for SiO,
and GaAs [6], 100-150 A of GaAs was etched away by
NH,OH/H,0,/H,0 (10/0.1,/150) before immersion in
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TABLE I
DIODE MATERIAL PARAMETERS
Nominal
Schottky Epi doping Diode Series
Diode metal thickness concentration area  resistance
deposition (A) (cm™3) (pm?) ()

CTH 25452 pulse 2000 5-10% 7 5

plating
CTH 928" MBE insitu 1500 2-10% 5-7 7-13°

evaporation

!The MBE material was grown at the Physics Department, Chalmers
University of Technology, Goteborg, Sweden.

2The MBE material was grown at Max Planck Institut fiir Festkorper-
forschung, Stuttgart, Germany, by Klaus Ploog.

*The log(I)-V characteristic has no linear part at 20 K, so it is impossible
to evaluate a constant R, for any voltage range at this temperature.

NH,OH/H,0 (1,/15) for 30-45 s. Immediately following
the ammonia dip, which removes the oxides Ga,O; and
As,0,, 0.2 pm of Au was pulse electroplated into the holes
etched in the SiO,.

The CTH 928 diodes are less conventional, since the
Schottky contact is formed in the ultrahigh vacuum of the
MBE system. While still in the MBE chamber the tempera-
ture of the substrate was reduced to 85°C. On a surface
showing a sharp RHEED pattern with a C(2*8) As stabi-
lized reconstruction, a 2500 A thick layer of gold was
deposited. The RHEED pattern remained fairly sharp
during the deposition, but the epitaxial relationship could
not be unambiguously determined. The background pres-
sure, formed mainly by As,, was 3-107% torr during the
evaporation. Standard photolithographic procedures were
used to form resist islands with diameters of 3 pm. The
resist was postbaked to give a rounded edge profile. Mesa
diodes were formed by ion beam milling in an argon
atmosphere down to at least 500 A into the buffer layer.
The resist was then exposed to an O, plasma in a planar
plasma etch reactor to cause the resist edge to recede about
0.1-0.2 pm. The Ga and As oxides thus formed were not
removed before a 0.2 pm thick layer of SiO, was evaporated
over the entire surface. Liftoff was carried out using acetone
and ultrasonic agitation. The wafer was thinned and
cleaned before Ni-AuGe was evaporated on the backside
of the wafer. Since the Au-GaAs Schottky contact is
sensitive to high temperatures, ordinary furnace alloying
was judged unsuitable. An attempt to rely solely on laser
alloying had to be abandoned, however, as the high reflec-
tivity of the metal entailed more laser power than available
from our argon laser. By careful heat treatment in a
furnace, 300°C /30 min, the series resistance resulting from
the laser alloying, i.e., 90-100 2, was reduced by an order
of magnitude without affecting the 7-V characteristic of
the gold Schottky contact significantly (Fig. 1).

II1.

Of particular importance for judging the expected per-
formance of a Schottky diode in a mixer are measurements
of the dc IV characteristic and the noise generated by the
diode when dc-biased, together with proper interpretation.
The I-V characteristic can be separated into two major

INVESTIGATION OF DIODE PROPERTIES
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The I-V characteristic of the gold-mesa diode CTH 928 for
different annealing conditions.

Fig. 1.

regimes, the low-current regime and the high-current re-
gime. The former yields the diode effective temperature
and ideality factor. In the high-current regime space-charge
phenomena and hot electron effects in the epi layer be-
come important. The noise temperature clearly shows evi-
dence of hot electrons in the epi layer.

A. The Diode Effective Temperature and Ideality Factor

The temperature variable current—voltage characteristics
for all diodes were measured, using a pA meter, in the
range 10 pA-10 mA. Fig. 2 shows the log(I)-V character-
istic for diode CTH 2545 at temperatures from 20 K to 295
K. The measured characteristic is approximated by

q(V—¢,— IR,) ]

6 1)

I=S4*0exp [
where V' is the applied voltage, ¢, is the barrier height,
and I, S, and A4* are, respectively, the diode current, the
diode area, and the modified Richardson constant (8.2-104
Am™2K™?). © is the effective temperature, which differs
from the physical temperature T;, of the device because of
a number of phenomena such as barrier height lowering
mechanisms and tunneling [9]. The well-known “ideality
factor” can be expressed as n = 0 /T;. The series resistance
R, can be determined from the I-V characteristic [10]. ©
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Fig. 2. The temperature-dependent I-V characteristic for the pulse-
plated gold diode CTH 2545.

is also determined from the 7—V characteristic since
gl (dV
0= (Y | o

© is plotted in Fig. 3 for the different diodes. Since © at
low temperatures usually changes abruptly from one value
to another, at some breakpoint current(s), two or more
values of ® have to be specified in order to accurately
describe the slope of the I-V characteristic (see Figs. 1
and 2). In Fig. 3, the theoretical ®,_¢ given by Padovani
and Stratton [11] is plotted:

0,_s=0,coth(®,/T) .

where @, is the zero temperature limit:

qh N,

- , 4
O 20k V dem* (4)
N,, €, and m* are the doping concentration, the dielectric
permittivity of GaAs, and the effective mass of electrons in
GaAs, respectively, while the other symbols denote the
usual constants. From Fig. 3 it is clear that the measured

© agrees fairly well with this theory only at very low
currents. '

()

B. The Low-Current Regime

As for Pt—GaAs diodes [3], often more than one slope
parameter can be distinguished in the log(/)-V character-
istic. Two mechanisms have been proposed to explain the
higher values of ® at higher currents: a lateral variation of
the barrier height at the Schottky contact [3], [4], and a
field-dependent barrier height [3]. In the first case one
expects the noise temperature to be slightly higher than the
lowest measured value of © divided by two, the theoretical
shot noise [12}], [13], while the field-dependent barrier
height should cause a noise proportional to the inverse of
the derivative of the log(I)-V curve. Since experimental
evidence rather supports the first model (the inhomoge-
neous Schottky contact), the relevance of evaluating @ for
higher currents ‘and associating these numbers with shot
noise is doubtful, and will not be pursued below.

However, a lower value of ® for high currents can be
interpreted as a measure of higher diode quality; i.e., the
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Fig. 3. The “effective temperature,” ©, versus physical temperature for
the diodes. :

barrier height is more uniform over the diode surface.
Hence, the ® value for higher currents is an important
parameter for judging the quality of a diode. Of particular
interest should be the slope parameter in the current
regime 1 pA-1 mA, which we estimate to be the important
current regime where noise from the diode is coupled to
the intermediate frequency in a practical mixer. As seen
from Fig. 3(a) and (b), twice the measured noise tempera-
ture at 4 GHz and 10 pA typically equals 1.3 times the ©
value measured at low currents. Comparing @ values of
Au—GaAs diodes in the current regime 1 pA-1 mA with
the results obtained for Pt—GaAs diodes, Au—-GaAs diodes
in general more consistently show low © values. The
Au-GaAs diodes typically have ® values of the order of
100 K or lower at an ambient temperature of 20 K (except
diode CTH 928, which has a higher ® due to a not fully
optimized fabrication procedure), while for Pt—GaAs di-
odes we have typically obtained 150-400 K.
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Fig. 4. The high current J-V characteristic for diode CTH 2545 show-
ing a nonlinear series resistance.

C. The High-Current Regime

It was previously shown on Pt-GaAs diodes [14], [15]
that in the high bias current regime, where the voltage
drop across the series resistance is significant, the
current—voltage characteristic of the barrier only (i.e., the
I-V characteristic when the voltage drop over the series
resistance is subtracted) remains exponential up to a
certain limiting current. Above this current, depending
on the diode parameters, the series resistance will either
decrease (due to space charge injection of electrons from
the N+ substrate [16]) or increase (due to intervalley
scattering). This behavior should be independent of the
type of Schottky metal used and consequently it should be
present also on the diodes used in this work.

Fig. 4 shows the high-current regime of diode CTH
2545. This diode has a low epi layer doping concentration
(5-10'% cm™?), which facilitates the observation of the
phenomena to be discussed. The dots in Fig. 6 correspond
to the measured values, and the triangles correspond to the
“intrinsic” (barrier) I-V characteristic, assuming a con-
stant series resistance. Note that the intrinsic /-V is
exponential in the “constant series resistance region” over
about one decade of current. Qbviously, the series resis-
tance seems to decrease with increasing current above 2
mA. Space-charge injection from the N+ contact layer
can explain this behavior. According to Gregory and Jor-
dan [17}, the crossover voltage

v, = Npgl?/2e (5)

where L is the thickness of the low doped GaAs layer,
gives the breakpoint between the ohmic region and the
Child’s law region (where J~¥?2). We obtain the series
resistance voltage drop approximately as the difference
between the measured voltage and the intrinsic extrapo-
lated diode voltage. The result is shown in Fig. 5. In the
nonohmic region, the current is proportional to VX, where
K is a constant equal to 2.1 at 295 K and 1.7 at 20 K for
CTH 2545. (In the ohmic region K is, of course, one.) V,,
is marked in the figure and corresponds fairly well to the
experimental breakpoint. Similar nonchmic behavior can
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Fig. 5. The I-¥ characteristic of the series resistance for CTH 2545,

be seen also on diodes with more heavily doped epi layers
(in the 10'® cm™? range). The breakpoint between the
ohmic and nonohmic behavior of the series resistance then
occurs at current levels where velocity saturation effects
are expected [15], [18].

D. Noise Characteristics

The noise properties versus forward current of the diodes
were characterized at 4 GHz (3.7-4.3 GHz), at ambient
temperatures of 20 K and 295 K, using a previously
described measurement technique [14]. In brief, the noise
from the diode is first amplified by a low-noise circulator-
coupled FET amplifier; it is then mixed down to 30 MHz,
amplified, and detected by a square law detector and
presented on a scalar network analyzer. By comparing the
noise power from the diode with the noise power from a
resistive load and measuring coupling loss (power reflec-
tion), the noise temperature (7,) of the diode can be
deduced. Fig. 6 shows the measured noise temperature, 7,
for the diodes versus forward current. The electric field in
the epi layer was estimated as I-(R, — R,)/ L, where
R, is the measured series resistance, R, is the calculated
spreading resistance of the substrate, and L is the thick-
ness of the epi layer.

The result of the noise characterization is in many
respects consistent with our measurements on Pt-GaAs
diodes [14], [15]. At room temperature and if the electric
field in the epi layer is below approximately 1 kV /cm, the
noise is determined by shot noise from the junction and
Johnson noise from the series resistance. Above 1 kV /cm,
the electrons are heated by the electric field, causing an
increase of the diode noise temperature. The noise temper-
ature of Pt—GaAs diodes at high frequencies was found to
be well described by [15]

_ rsth/(l + (wrbe)Z) + Replj—:epi + Rsustub

rb/(l + (wrbcb)z) + Rep1 + Rsub

(6)

d

Here 7y Cp, @, R Raps T Topys and Ty, are, respec-
tively, the barrier differential resistance, the barrier capaci-
tance, the angular frequency, the epi layer contribution to

the series resistance, the resistance of the substrate and the
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Fig. 6. The current dependent noise temperature, Ty, for the diodes at
T=20 K and 295 K. The measurement frequency is 4 GHz. The dots
correspond to T,,, obtained from mixer measurements.

back contact, the shot noise temperature, the epi layer
noise temperature, and the noise temperature of the sub-
strate and back contact.

The hot-electron contribution to the epi layer noise
temperature was estimated by using the energy and
momentum balance equations [18], [19], which yield

2q2'r,,;rk,3E2
+ Y (7)

Ty, T,,» 7., and E are the ambient (lattice) temperature, the
momentum and energy relaxation times, and the electric
field. At low fields T, =T,, which is the Johnson noise
limit.

T.=T
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Fig. 7. The mixer measurement setup.

The noise behavior of the Au-GaAs diodes is also
generally in agreement with this model, and the noise
temperature starts to increase at a field of the order of 1
kV/cm at T =295 K and 0.5 kV /cm at T, = 20 K due to
heating of the electrons. For both diodes the noise temper-
ature is in agreement with (7) and T, ~ I? at high fields,
as expected. A decreasing slope of the noise temperature—
current characteristic (at T,> 4000 K) for diode CTH
2545 can, however, be seen at currents above approxi-
mately 2 mA, which may be an effect of the carrier
injection as discussed previously (Fig. 5). This behavior
was also observed on some Pt-GaAs diodes. The shot
noise component, T, at low currents (10 pA) is 150 K at
T,=1295 K, in good agreement with (6), and 30 K at
T, =20 K. The lowest noise temperature, 22 K at 10 pA,
was measured on a similar diode where the epi layer had
been chemically etched down from 2000 A to nominally
1400 A. This is to our knowledge the lowest reported noise
temperature for a Schottky diode.

For the diode CTH 928, in the current range 20 pA-2
mA, the noise increases slowly with current, which is not
expected from the above analysis. The noise at low cur-
rents, 10 p A, is 40 K.

E. Mixer Measurements

Measurements on cryogenically cooled diode mixers were
made in our R-band (75-110 GHz) mixer block, described
elsewhere {20], and the measurement setup shown in Fig. 7
was used. The mixer is designed for the intermediate
frequency (IF) band 3.7-4.3 GHz. Best mixer results were
obtained with diode CTH 928. At a LO frequency of 100
GHz, the best single sideband receiver temperatures are
204 K at the lower sideband and 201 K at the upper
sideband, with associated conversion losses of 6.5 dB and
5.8 dB, respectively. Of particular interest is also the mixer
noise temperature:

Ty =Tee = Tip" Loy (8)
where L, is the conversion loss from the signal input
port, including the horn antenna, to the input port of the
IF amplifier. 7}, is 118 K and 134 K at the upper and the
lower sideband, respectively. The noise temperature of the
IF amplifier is 18 K. The image is short-circuited by a
movable backshort. The conversion loss at the image
frequency is at least 20 dB larger than at the signal
frequency. The single sideband operation simplifies the
evaluation of the diode noise temperature, Ty, consider-

_—
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ably. According to the attenuator noise model for resistive
diode mixers [21], the input noise temperature for a single
sideband mixer (excluding the contribution from the IF
amplifier) is

T =Ty(L-1)

(©)

where T is the equivalent temperature of the pumped
diode, dependent in general on the noise generated by the
diode, the nonlinear capacitance, the series resistance, and
the embedding network. L is the conversion loss excluding
reflection loss at the IF output.

Since a complete mixer analysis, including both the
solution of the (nonlinear) problem of finding the current
and voltage waveforms of the diode, and a small-signal
analysis including all important noise sources [22], [23] is
quite complicated, (8) and (9) are often used to char-
acterize a mixer diode. This was done in this work and the
results are marked with dots in Fig. 6(a) and (b) for
different SSB backshort positions and at a current equal to
the rectified current of the mixer at optimum performance.
The agreement between T, and the noise from the dec-
biased diode, T, at the same current is fair.

IV. DiscussioN

In order to develop better mixer diodes for cryogenic
operation, it is important for the magnitude of the shot
noise to be as low as possible, and the mixer operating
current to be well below the current where hot-electron
noise starts to dominate. Qur measurements indicate that
it is possible to fabricate diodes which have a steeper
current—voltage characteristic and lower shot noise by
using gold instead of platinum as the Schottky metal.
Diode CTH 928, having more conventional material
parameters, yields mixer results comparable to the best
Pt—GaAs diodes tested in our lab in the same mixer
structure. It is expected that the MBE-deposited anode
mesa diodes could be further improved if the ohmic con-
tact is formed in a different way, for instance by spark
alloying [24], since the high-temperature anneal used at
present probably causes some Ga outdiffusion into the Au
layer [8] and thus some degradation of the metal—-semicon-
ductor junction. The slow increase in the noise versus
current characteristic shown in Fig. 6(b), below 2 mA,
could then hopefully be avoided, which would yield still
better noise and mixer performance.

At low currents and low temperature, where the dif-
ferential resistance is much larger than the series resis-
tance, the dominant noise source should be shot noise.
When comparing © /2, where @ is obtained from the I-V
characteristic, with measured noise at the same bias, the
measured noise is lower. See also Fig. 3, in which 27, is
marked. However, the measured noise is slightly larger
than ©/2 if O is determined from the steepest part of the
IV characteristic (nA region). This result was also found
on Pt—-GaAs diodes [3]. This may be explained by the
model of parallel diodes, related to barrier height varia-
tions over the diode surface [3], [4], which cause the
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current density to vary laterally within the diode. This
phenomenon might also result in larger conversion losses
as well as local electron heating.

Even if Au—GaAs diodes yield promising results, other
metal-semiconductor combinations may also be of inter-
est, especially from the point of view of reliability and
long-term stability. MBE grown Al-GaAs millimeter-wave
mixer diodes have already been fabricated [25] and an
improved MBE growth method has given diodes with
almost ideal Al-GaAs barriers with an ideality factor of
less than 1.02 at room temperature [26].

V. CONCLUSIONS

Au-GaAs Mott diodes intended for cryogenic mixer
applications were fabricated and evaluated. The moti-
vation for this work was to investigate the impact of
the choice of Schottky metal on mixer performance. Cur-
rent-voltage, dc noise, and mixer properties were mea-
sured at different temperatures. An improved ideality fac-
tor and low dc-biased noise were noticed. Although not
fully optimized yet, diodes based on Au-GaAs metal-
semiconductor junctions have shown promising mixer re-
sults.

ACKNOWLEDGMENT

The authors would like to thank Dr. K. Ploog and Dr. T.
Andersson for supplying MBE material, G. Alestig for
assistance with the laser annealing of ohmic contacts, N.
Keen for stimulating discussion, and N. Whyborn for
performing some of the mixer measurements.

REFERENCES

[1] A. Aydinli and R. J. Mattauch, “The effects of surface treatments
on the Pt/n-GaAs Schottky interface,” Solid-State Electron., vol.
25, pp. 551-558, 1982.

[2] M. V. Schneider, A. Y. Cho, E. Kollberg, and H. Zirath, “Char-
acteristics of Schottky diodes with microcluster interface,” Appl.
Phys. Lett., vol. 43, pp. 558-560, 1983.

[3]1 E. Kollberg, H. Zirath, and A. Jelenski, “Temperature-variable
characteristics and noise in metal~semiconductor junctions,” IEEE
Trans. Microwave Theory Tech., vol. MTT-34, pp. 913-922, 1986.

[4] J. M. Woodall and J. L. Freeouf, “Are they really Schottky barriers
after all?” J. Vac. Sci. Technol., vol. 21, pp. 574-576, 1982.

[51 N. J. Keen, “Low noise millimeter-wave diodes: Results and
evaluation of a test program,” Proc. Inst. Elec. Eng., vol. 127, pp.
188-198, 1980.

[6] G. K. Shernll, R. J. Mattauch, and T. W. Crowe, “Interfacial stress
and excess noise in Schottky-barner mixer diodes,” TEEE Trans.
Microwave Theory Tech., vol. MTT-34, pp. 342-345, 1986.

[7]1 V. Kumar, “Reactions of sputtered Pt films on GaAs,” J. Phys.
Chem. Solids, vol. 36, pp. 535-541, 1976.

[8] D. V. Morgan, “Interdiffusion of metal films on gallium arsenide
and indium phosphide,” in Reliabihity and Degradation, M. J.
Howes and D. V. Morgan, Eds. New York: Wiley, 1981.

[9] E. H. Rhoderick, Metal—Semiconductor Contacts (Monographs in

Electrical and Electronic Engineering). Oxford: Clarendon Press,

1980.

A. Jelenski, E. Kollberg, M. V. Schneider, and H. Zirath, “Accurate

determination of the series resistance of mm-wave Schottky-diodes,”

in Proc. 15th European Microwave Conf. (Paris), Sept. 1985, pp.

279-284.

F. A. Padovani and R. Stratton, “Field and thermionic-field emis-

sion in Schottky barriers,” Solid-State Electron., vol. 7, pp. 685-707,

1966.

[10]

[11]



ZIRATH ef al.: TEMPERATURE VARIABLE NOISE AND ELECTRICAL CHARACTERISTICS ‘ 1475

2]

(13]

(14]

f13]

{16]

17]

[18]

{19]

[20]

(21]

i22]

(23]

[24]

(25]

(26]

T. J. Viola and R. J. Mattauch, “Unified theory of high frequency
noise in Schottky barriers,” J. Appl. Phys., vol. 44, pp. 28052808,
1973.

A. van der Ziel, Noise: Sources, Characterization, Measurements.
Englewood Cliffs, NJ: Prentice-Hall, 1970, pp. 89-93. -

H. Zirath, S. Nilsen, E. Kollberg, T. Andersson, and W. Kelly,
“Noise in microwave and millimeter wave Pt-GaAs Schottky
diodes,” in Proc. I14th European Microwave Conf., 1984, pp.
477-482.

H. Zirath, “High frequency noise and current—voltage characteris-
tics of mm-wave platinum N-N+ GaAs Schottky barrier diodes,”
J. Appl. Phys., vol. 60, pp. 1399-1407, 1986.

C-K. Kim and E. D. Yang, “Carrier accumulation and space-charge
limited current flow in field-effect transistors,” Solid-State Electron.,
vol. 13, pp. 1577-1589, 1970.

B. L. Gregory and A. G. Jordan, “Single-carrier injection in silicon
at 76 and 300 K,” J. Appl. Phys., vol. 35, p. 3046, 1964.

T. J. Maloney and J. Frey, “Transient and steady-state electron
transport properties of GaAs and InP,” J. Appl. Phys., vol. 48, pp.
781-787, 1977.

S. M. Sze, Physics of Semiconductor Devices. New York: Wiley,
1981, p. 647.

E. L. Kollberg and H. Zirath, “A cryogenic millimeter-wave
Schottky-diode mixer,” IEEE Trans. Microwave Theory Tech., vol.
MTT-31, pp. 230-235, 1983.

A. R. Kerr, “Shot-noise in resistive-diode mixers and the attenuator
noise model,” JEEE Trans. Microwave Theory Tech., vol. MTT-27,
pp- 135-140, 1979.

D. N. Held and A. R. Kerr, “Conversion loss and noise of
microwave and millimeter wave mixers: Part 1-Theory,” IEEE
Trans. Microwave Theory Tech., vol. MTT-26, pp. 49-55, 1978.

G. Hegazi, A. Jelenski, and S. Yngvesson, “Limitations of mi-
crowave and millimeter-wave mixers due to excess noise,” IEEE
Trans. Microwave Theory Tech., vol. MTT-33, pp. 1404-1409, 1985.
R. A. D’Angelo and P. A. Verlangieri, “Ohmic contacts on n-GaAs
produced by spark alloying,” Electron. Lett., pp. 290-291, 1981.
A. Y. Cho, E. Kollberg, H. Zirath, W. W. Snell, and M. V.
Schneider, “Single-crystal metal-semiconductor microjunctions
prepared by molecular beam epitaxy,” Electron. Lett., vol. 18, pp.
424-425, 1982.

M. Missous, E. H. Rhoderick, and K. E. Singer, “The effects of
vacuum conditions on epitaxial Al/GaAs contacts formed by
molecular-beam epitaxy,” J. Appl. Phys., vol. 60, pp. 2439-2444,
1986.

Herbert H. G. Zirath (5’84-M’86) was born in
Gdteborg, Sweden. He received the M.Sc. degree
in electrical engineering in 1980 and the Ph.D.
degree in 1986, all from Chalmers University of
Technology, Goteborg, Sweden.

Since 1980, he has been working as a re-
searcher at Chalmers University of Technology
on cooled millimeter-wave Schottky diode mixers
and on the properties of millimeter-wave
Schottky barrier diodes. Since 1986 he and his
coworkers have also been working with the de-

velopment of millimeter-wave MESFET’s and HEMT’s.

Svein M. Nilsen ($79-M’87) was born in Drammen, Norway, on
September 13, 1956. He received the M.S.E.E. and Technical Licentiate
degrees from Chalmers University of Technology, Sweden, in 1980 and
1986, respectively.

Before returning to Chalmers, in 1982, he
- worked as a Geophysical Engineer. Since 1982,
when he joined the Department of Radio and
Space Science at Chalmers, he has been working
with GaAs components for mm-wave applica-
tions, in particular mixer 'diodes and transistors
with an emphasis on fabrication techniques. Cur-
rently he is employed as Process Manager by the
Microelectronics Applied Research Institute
(MARI) in G&teborg and as a research assistant
by Chalmers.

Hans Hjelmgren was born in Bords, Sweden, in
1960. He received the M.Sc. degree in electrical
engineering in 1984 from Chalmers University of
Technology, Gdteborg, Sweden.

Since 1984 he has been working as a research
assistant in the Department of Radio and Space
Science at Chalmers University.

Lennart P. Ramberg was born on March 25,
1960. He received the M.Sc. degree in engineer-
ing physics from Chalmers University, Gdteborg,
Sweden, in 1983, and the doctor’s degree in 1987.
His thesis work concerned the transport proper-
ties of heterojunction bipolar transistors and the
molecular beam epitaxial growth of these de-
vices. During his graduate studies, he spent a
year as a visiting scientist at Cornell University,
as well as a shorter period at the Atsugi Labora-
tories of the Nippon Telegraph and Telephone
Company He is now with ACR Electronic AB, Kista, Sweden.

Erik L. Kollberg (M’83-SM’83) received the
M.Sc. degree in 1961 and the Teknologie Dr..
degree in 1971 from Chalmers University of
Technology, Géteborg, Sweden.

He has been a professor at the same university
since 1974. Dr. Kollberg has published more
than one hundred scientific papers in interna-
tional journals in the field of maser amplifiers,
millimeter-wave Schottky diode mixers, super-
conducting mixers, GaAs devices, and other sub-

*  jects related to millimeter-wave techniques. He is
responsible for the development of low-noise receivers for the Onsala
Space Observatory and the new Swedish—European millimeter. wave
telescope in Chile.

Dr. Kollberg received the microwave prize at the Eutopean Microwave
Conference in Helsinki 1984 and is the chairman of the Swedish IEEE
MTT-S Chapter.



