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waveguide circuit, and an appropriate antenna coupler are

fabricated on a single piece of gallium arsenide.

ACKNOWLEDGMENT

The author wishes to thank P. J. Daniels and W. J.

Piacentini for device fabrication and packaging. This work

was carried out in collaboration with a number c)f Lincoln

Laboratory colleagues: H. R. Fetterman, C. D. Parker, and

P. E. Tannenwald performed the submillimeter heterodyne

measurements; C. O. Bozler grew the epitaxial GaAs;

R. A. Murphy designed and fabricated the surface-oriented

devices; and J. P. Donnelly did the proton bombardment.

The author also wishes to thank W. T. Lindley for many

helpful discussions.

REFERENCES

[1] ~ar~r Fetterman, B. J. Clifton, P. E. Tannenwald, and C. D.
“Submdhmeter detection and mixing using Schottky

diodes}’ Appl. Phys. Lea., vol. 24, pp. 7W72, Jan. 1974.
[2] H. R. Fetterman, B. J. Clifton, P. E. Tannenwald, C. D. Parker,

and H. Penfield, “Submillimeter heterodyne detection and
harmonic mixing using Schottky diodes,” IEEE Trans. Microwave
Theory Tech., vol. MTT-22, pp. 1013-1015, Dec. 1974.

[3] H. C. Torrey and C. A. Whitmer, Crystal Rectifiers, MIT Rad.
Lab. Ser., vol. 15 (McGraw-Hill, NY, 1948).

[4] M. R. Barber, “Noise figure and conversion loss of the Schottky
barrier mixer diode,” IEEE Trans. Microwave Theory Tech.,
VOi MTT-15, Pp. 629–635, Nov. 1963.

[5] A. A. M. Saleh, Theory of Resistive Mixers, Research Monograph
no. 64, MIT Press, 1971.

[6] A. R. Kerr, “Low noise room temperature and cryogenic mixers
for 80-120 GHz.” IEEE Trans. Microwave Theorv Tech.. vol.
MTT-23, pp. 781:787, Oct. 1975.

[7] B. J. Clifton, W. T. Lindley, R. W. Chick, and R. A. Cohen,
“Materials and processing techniques for the fabrication of high
quality millimeter wave diodes;’ Proceedings of Third Biennial
Cornell Eng. Conjl (Ithaca, NY), pp. 463475, 1971.

[8] J.eLcrsvin and R. L. Pritchett, “Nonohmic contacts for microwave
“ Proc. IEEE (Letters), vol. 58, pp. 1845–1 846, Nov.

1Qlrr ‘. ..-.
[9] D. T. Young and J. C. Irvin, “Millimeter frequency conversion

using Au-n-type GaAs Schottky barrier epitaxial diodes with a
novel contacting technique,” Proc. IEEE (Corresp.), vol. 53,
pp. 2130-2131, Dec. 1965.

[10] J. A. Copeland, “Diode edge effect on doping-profile measure-
ments,” IEEE Trans. Electron Devices, VOL ED-17, pp. 404-407,
May 1970.

[11] M. V. Schneider and W. W. Snell, Jr., “Harmonically pumped
strivline downconverter.” IEEE Trans. Microwave Theorv Tech..
vol: MTT-23, PP. 271–275, Mar. 1975.

[12] R. A. Murphy, C. O. Bozler, C. D. Parker, H. R. Fetterman,
B. J. Clifton, J. P. Donnelly, W. T. Lindley, and P. E. Tannenwald,
“Submillimeter heterodyne detection using surface-oriented
Schottky-diodes,” Post-deadline paper presented at the Second
Int. Conf. on Submillimeter Waves and their Applications,
San Juan, PR, Dec. 6-11, 1976, this issue pp. 494495.

[13] A. Doswell and D. J. Harris, “Modified H guide for millimeter
and submillimeter wavelengths,” IEEE Trans. Micr-owme Theory
Tech. (Short Papers), vol. MTT-21, pp. 587-589, Sept. 1973.

[14] J. G. Small, G. M. Elchinger, A. Javan, Sanchez, F. J. Bachner,
and D. L. Smythe, “AC electron tunneling at infrared frequencies:
Thin-film M-O-M diode structure with broad-band charac-
teristics,” Appl. Phys. Lett., vol. 24, pp. 275–279, Mar. 1974.

Submillirneter-Wave Detection with Subrnicron-
Size Schottky-Barrier Diodes

M. McCOLL, D. T. HOIDGES, MEMBER, IEEE, AND W. A. GARBER

Abstract~chottky-barrier diode detection has been extended to

7.2 THz (42 Lm) using 0.5-#m4iam diodes. The diodes were fabricated

on hulk-doped n-type GZAS rising electron lithographic techniques;

diameters as small as 1000 ~ have been achieved. A new approach in

Schottky-barrier design, the contact array diode, is proposed. The diode

is fabricated from readily available bulk doped material, and a perform-

ance is indicated that is competitive to tbe conventional epitaxial Schottky-

barrier mixer well into the submillimeter wavelength region. A scanning

electron microscope (SEM) photograph of diode array structures is

shown.

I. INTRODUCTION

T HE work described in this paper consists of two parts.

The first part summarizes Schottky-barrier diode

detection measurements at wavelengths of 42 ~m (7.2 THz)-

1222 pm (245 GHz) using submicron dimensional Schottky-
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barrier diodes mounted in an open nontunable mount.

Video detection at 42 pm represents the shortest wavelength

for Schottky-barrier detection to be reported in the

literature. The diodes were 0.5 pm in diameter and were

fabricated from nonepitaxial heavily doped n-type GaAs.

These ultrasmall, and consequently ultralow capacitance,

junctions were prepared

and have yielded the

capacitance product to

Schottky-barrier diode.

structure as well as

using electron beam lithography Ll]

smallest series-resistance junction-

be reported in the literature for a

The advantages of this doping and

preliminary video detection and

heterodyne mixing measurements at 70–1222 pm have been

recently described [2].
The second part of the paper explores the application of

this submicron dimensional technology to the fabrication of

a Schottky diode mixer employing a tunable mount. A

straightforward application of this- technology to the

fabrication of efficient Schottky-barrier mixers is hampered

by conversion loss limitations associated with the irnped-
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Fig. 1. Equivalent circuit of a single contact Schottky-barrier diode.

ante matchup problem of small diodes [3], A new approach

in Schottky-barrier design, the contact array diode, is

proposed as a solution to the impedance problem. Analysis

indicates that the new diode will compete very favorably

with the conventional epitaxial Schottky-barrier diode well

into the submillimeter wavelength region. A scanning

electron microscope (SEM) photograph of several prelim-

inary structures is shown.

II. VIDEO DETECTION AND MIXING IN AN OPEN MOUNT

The Schottky-barrier diode can be characterized in terms

of the equivalent circuit shown in Fig. 1. The element R

represents the nonlinear junction resistance which provides

the rectifying volt-ampere behavior necessary for detecting

and mixing. The spreading resistance R, is the resistance in

the bulk of the semiconductor which results from the

crowding of the current near the metal contact. R. and

the junction capacitance Care parasitic elements and are the

primary cause of the degradation in performan~e of

the diode as the frequency is increased. Both elements are

unavoidable, but they can be minimized by choosing the

proper combination of materials and geometries. The exact

design of the diode for optimum performance depends to a

large degree on the mount in which the diode is situated.

The measurements reported below were performed on

Schottky diodes mounted in an open stru@ure. Such a

mount has no provision for tuning out the effect of the

junction capacitance C, and consequently, at short wave-

lengths and with co2R2 C2 >> 1, diode performance is

dominated by C. 1 That is, a reduction in C increases the

frequency response and sensitivity of the diodes. Since

junction capacitance is proportional to junction area, a

reduction in diode size improves its performance. For

submjllimeter-wave operation, diode diameters less than

1 pm are preferred.

Fig. 2 summarizes the video detection data. The data at

wavelengths of 70–1 222 ~m are comparable to values

previously published [2], [4], [5]; the 42-pm measurements

represent the shortest wavelength for a Schottky-barrier

detector yet repcu-ted. The error bars reflect uncertainties in

the laser power measurements and the range of signal

1 It is being assumed that both R, and 1/oC are much less than the
antenna impedance; this situation is consistent with our measurements.
These measurements and their interpretation are too lengthy to be
reported here and will be published elsewhere.
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Fig. 2. Measured voltage responsivity and noise-equivalent power
versus wavelength and frequency for 0.5-4m-diam 5 x 101* cm-3
n-GaAs Schottky-barrier diodes operating in the video mode with
2 PA of forward bias current and situated in an open mount.

voltages observed with different contacts to the same

chip. The performance of the diodes is observed to approx-

imately obey an co–2 dependence, which from elementary

circuit theory would be the anticipated result at short

wavelengths. *

Details of the experimental setup are contained in [2].

The focused laser radiation is coupled to the diode through

a whisker antenna which also functions as the contact to the

diode. Optimum video detection is obtained using a

whisker orientation which selectively excites the main lobe

of the long wire antenna.

Heterodyne mixing was observed at the 70-1222-~m

wavelengths. Two laser beams were combined in a silicon

beam splitter and then focused onto the whisker antenna.

The optimum bias condition for mixing was obtained with

200–400 pA of forward current. No mixing has been

detected at 42 ~m, most likely because the laser power level

was lower and the system optical losses were larger at this

wavelength.

The diodes consisted of plated Pt contacts 0.5 Wm in
diameter on uniformly doped nonepitaxial 5 x 1018 cm-3

n-type GaAs. The size and doping of the structure yield a

calculated zero-bias capacitance Co of 1.3 x 10-15 F. This

value and a measured dc series resistance R, of 19 + 3 Q

yield a calculated figure of merit cutoff frequency f= =

(27-rR,CO)- 1 of 9 x 1012 Hz (a wavelength of 34 pm).
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(a)

(b)

Fig. 3. ‘SEM photographs of plated Schottky diodes. The insulating
layer normally present has been stripped away. The photographs
were taken at steep angles from normal incidenee to show the
dimensions of the diodes at their base. Fig. 3(b) is a magnified shot
of one of the diodes shown in (a).

Because of the higher plasma frequency [6], freedlom from

transit-time limitations [7], [8], and lower parasitic losses

[9], this choice of doping portends a higher frequency

capability than an epitaxial structure.

The ultralow capacitance junctions were obtained by

fabricating submicron-size junctions using electron litho-

graphic techniques. Relatively large arrays of 2500-~-diam

diodes can be produced routinely. On a limited basis,

contact diameters of 1000 ~ have been achieved as shown

in Fig. 3. These diodes represent the smallest Schottky-

barrier diodes yet fabricated and possibly represent the

smallest devices, in general, to be reported in the literature.

III. THE CONTACT ARRAY SCHOTTKY-BARRIER IDIODE

IN A TUNABLE MOUNT

A tunable mount, such as the standard single-mode

waveguide mixer mount with a back short, provides a

means of reactively tuning out the junction capacitance C

of the diode. As such, coupling to the diode is improved,

but R. becomes an important parameter as well as C. The

standard method of minimizing the effects of R, and C is

through the use of epitaxial material wherein a thin layer of

moderately doped material has been epitaxially grown on a

heavily doped substrate [10]-[12]. The moderately doped

layer provides a low capacitance surface with low-noise

qualities [13]. In principle, if the layer is sufficiently thin,

it provides little series resistance. The large carrier density

of the heavily doped substrate also contributes the least

possible series spreading resistance. However, a chief

difficulty with this approach is the difficulty of obtaining

sufficiently thin epilayers with the proper doping profile.

Typically, the surface doping is very low, the surface

resistivity is very high, and as a result, micron-size junctions

can yield very large series resistances.

The single-mode waveguide mixer mount is outstanding

in its efficiency of coupling RF radiation to the diode. As

such,, the mount is the standard mixer package for wave-

lengths extending over the whole centimeter-to-millimeter

region. The success of the coupling mechanism is a direct

result of the single-mode concept wherein higher order

modes, excited in the region of the whisker and diode,

cannot propagate down the guide. In adopting this type of

mount for submillimeter wavelengths, the most difficult

problems encountered are mechanical in nature; the

dimensions are very small and tolerances are very close.

Extrapolation to 600 GHz of wall loss measurements

reported at frequencies of 35–280 GHz [14], [15] indicates

that less than 0.6 dB/cm waveguide loss can be anticipated

at this frequency. Our laboratory has designed and nearly

completed the fabrication of a single-mode waveguide

mixer mount for use at 600 GHz [16], and ‘both submicron

single contact diodes and contact array diodes will be

tested in this device.

The contact array diode is a new concept in high-

frequency Schottky-barrier design, and the rationale for its

use will now be discussed and contrasted to the single

contact diode. The fabrication of this multiple contact type

of diode incorporates submicron diode technology to

achieve an efficient low-noise mixer diode using a bulk,

moderately doped semiconducting substrate. The moder-

ately doped substrate supplies a low-noise temperature to

the diode [13], and the multiple contact design supplies a

low series resistance, and hence low conversion loss, to the

diode. The use of bulk material eliminates the material

limitations and difficulties encountered with epitaxial diodes.

The theory and fabrication of the contact array structures

are discussed, and some preliminary structures are shown.

A. The Single Contact

The desirable features of the contact array diode are best

understood by reviewing pertinent features of the single

contact diode. The conversion loss LC of a mixer in a

tunable mount is conveniently expressed as the product of
three terms

L= = LOL1L2. (1)

The intrinsic conversion loss LO is the loss arising from

the conversion process within the nonlinear resistance of the
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diode and includes the impedance. mismatch losses at the

RF and IF ports. The RF and IF parasitic losses, LI and

L2, respectively, are the losses associated with the parasitic

elements of the diode. These losses are given by [17], [18]

L1 = 1 + ~ + co2C2RR~ (2)

L2 =1+: (3)
2

where co is the signal angular frequency, R is the signal

input impedance of the local oscillator pumped nonlinear

resistance, and R2 is the IF load impedance. The C02

dependence of the third term in (2) is responsible for the

degradation in the performance of Schottky-barrier mixers

at high frequencies. However, both L1 and L2 are geometry

dependent, and it is this feature that makes the contact

array approach to reducing LC at high frequencies both

feasible and attractive.

The spreading resistance of a single contact is given by

(4)

where p is the resistivity of the semiconductor and d is the

diameter of the junction. The junction capacitance C is

proportional to junction area, and hence C cc d2. The

impedance R is independent of d since the conditions for

optimum coupling constrain R at a value approximately

equal to that of the RF source impedance. As a result of the

dependence of R. and C on d, the CD2 term in (2) is

proportional to d3. Although it would appear that this term

could be minimized by reducing the size of the junction, the

dependence of LO on d can reduce the apparent advantage

of very small junctions.

The intrinsic loss Lo of a Schottky-barrier mixer has been

analyzed as a function of diode size [3]. The functional

dependence of LO on diameter d for a thermionic emitting

diode is determined, after some analysis, by the RF source

impedance, the temperature of the diode, and the Richard-

son constant .of the semiconductor. The analysis shows that

the LO of n-GaAs increases rapidly for diameters less than

x 2 pm. (The principal advantage of n-GaAs is its com-

paratively higher mobility, and, hence, its lower resistivity,

which results in lower values of L1.) On the other hand,

calculations of L1 at millimeter and submillimeter wave-
lengths for n-GaAs show that it is desirable that d be less

than %2 pm. Hence a conflict exists between LO, L1, and

diode size at short wavelengths, but one that can be resolved

by the use of a contact array structure.

B. The Contact Array Structure

The contact array diode is a zero-phased array of small

contacts connected in parallel wherein the impedance

problem is eased by using, a sufficiently large number of

contacts. The reduction in spreading resistance afforded by

the technique is identical in concept to the multiple contact

scheme [19], [20]. It is easily shown for an array” of
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Fig. 4. SEM photograph of preliminary contact array diodes
fabricated in a linear geometry.

independent diodes connected in parallel that the L1 of the

array is identical to the L1 of a single diode of that array.

The LO of the array can be held at a low and constant value

by maintaining the total conducting area, i.e., the sum of

the areas of the small diodes, at a relatively large and

constant value. By holding this total area fixed as the size

of the small diodes is reduced and their number increased,

L1 is reduced, and Lo remains unchanged at its optimum

value. Since (Ll – 1) is proportional to the diameter d of

an individual diode, (Ll – 1) becomes inversely propor-

tional to the square root of the number of diodes in the

contact array structure. Hence a structure consisting of a

large number of very small diodes achieves the best

situation for both LO and L1, and, consequently, for LC.

The contact array concept is more complex than that

outlined above because the individual contacts are not

completely independent of one another; that is, there is

always a finite interaction of the spreading currents of

neighboring contacts. A detailed discussion of the design

parameters of the contact array structure is beyond the

intended scope of this article; however, analysis shows that

the optimum geometry for the structure is a linear array.

Fig. 4 shows an SEM photograph of several preliminary

contact array diodes which have been fabricated in our

laboratories. The structure is obtained by overplating the

individual diodes until the tops of neighboring diodes come

in. contact with one another, The insulator which would

normally be present has been etched away to facilitate

viewing the entire structure. Analysis indicates that

excellent performance can be expected with this type of

structure at 100, 300, and 600 GHz.
There is also a reliability advantage with the contact

array structure. Reliability in the form of maximum power

capability and resistance to burnout seems to be the

original intent of the multiple contact concept as discussed

by Torrey and Whitmer [19]. The concept, in general,

provides a built-in redundancy and a reduction in the

thermal resistance of the contact which serves to increase

the burnout capability of the device,

The contact array technique is also applicable to devices

other than the conventional Schottky diode. It has been

proposed for the super-Schottky diode [21] as the equivalent

circuits of both types of Schottkys are identical. Also, the
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contact array structure would be beneficial in the construc-

tion of a varactor diode where an abrupt junction and a low

series resistance are desirable features [22].

In conclusion, the contact array diode has been proposed

as a high-frequency low-noise Schottky-barrier mixer. The

favorable video response of the small single contact diodes,

the demonstrated ability to fabricate complex structures,

and detailed analysis suggests that the contact au-ray diode

will be a favorable alternative to the epitaxial diode in the

near future.

ACKNOWLEDGMENT

The authors wish to thank Dr. M. F. Millea for helpful

suggestions and comments, R. D. Reel for his aid in the

detection measurements, and W. De La Terre and R. E.

Robertson for their indispensable help in the fabrication of

the diodes.

REFERENCES

[1]

[2]

[31

M. McCO1l, W. A. Garber, and M. F. Millea, “Electron beam
fabrication of submicrometer diameter mixer diodes for millimeter
and submillimeter wavelengths,” Pr-oc. IEEE (Corresp.), vol. 60,
pp. 1446–1447, NOV. 1972.
D. T. Hodges and M. McCOII, “Extension of the Schottky barrier
detector to 70 pm (4.3 THz) using subrnicron dimensional
contacts,” AppI. Phys. Lett., vol. 30,. pp. 5–7, Jan. 1977.
M. McCO1l. “Conversion loss limitations on Schottkv-barrier-.
mixers,” IEEE Trans. Micrmvaue Theory Tech., vol. MTT-25,
rm. 54–59. Jan. 1977.
rr --

[4] ~~r~e~ F&erman, B. J. Clifton, P. E. Tannenwald, and C. D.
“Submillimeter detection and mixing using Schottky

diodes}’ Appl. Phys. Lett., vol. 24, pp. 70-72, Jan. 1974.
[5] H. R. Fetterman, B. J. Clifton, P. E. Tannenwald, C. D. Parker,

and H. Penfield, “Submillimeter heterodyne detection and
harmonic mixing using Schottky diodes,”’ IEEE Tranti. Microwaue
Theory Tech., vol. MTT-22, pp. 1013-1015, Dec. 1974.

[6] For a review of this subject, see P. A. Schumann, “Plasma
resonance calibration curves for silicon, germanium and gallium
arsenide,” So[id State Tech., vol. 13, pp. 5&51, Jan. 1970.

[7] K. K. Thornber, T. C. McGill, and C. A. Mead, “The tunneling
time of an electron,” J. Appl. Phys., vol. 38, pp. 23842385,
Apr. 1967.

[8] A. van der Ziel, “Infrared detection and mixing in heavily doped
Schottky-barrier diodes,” J. Appl. Phys., vol. 47, pp. 2059-2068,
May 1976.

[9] M. McCO1l, M. F. Millea, J. Munushian, and D. F. Kyser,
“Improved 94-GHz GaAs mixer diodes using gold-copper alloy
whiskers.” Proc. IEEE. vol. 55. DD. 21 69–2170. Dec. 1967.

[10] H. M. L’eedy, H, L. Stover, H’. “G. Moreheadj. R. P. Bryan, and
H. L. Garvin, “Advanced millimeter-wave mixer diodes, GaAs
and silicon, and a broadband low-noise mixer,” in Proc. 3rd
f;7rual Cornell Engineering Cortf (Ithaca, NY), pp. 451-462,

[11] B. J. Clifton, W. T. Lindley, R. W. Chick, and R. A. Cohen,
“Materials and processing techniques for the fabrication of high
quality millimeter wave diodes, “ in Proc. 3rd BienniaI Cornell
Engineeriirq Con$ (Ithaca, NY), pp. 463-475, 1971.

[12] G. T. Wrlxon, “Low-noise diodes and mixers for the 1–2 mm
wavelength region,” IEEE Trans. Microwave Theory Tech.,
vol. MTT-22, pp. 1159-1165, Dec. 1974.

[131 T. J. Viola. Jr.. and R. J. Mattauch. “Unified theorv of hi~h-. .
frequency noise in Schottky barriers:’ J. App[. Phy;, vol. ‘M,
pp. 2805-2808, June 1973.

[14] F. A. Benson, “Attenuation of rectangular waveguides,” Milli-
metre and Submillimetre Waves, F. A. Benson, Ed. London:
Iliffe Books, Ltd., 1969, pp. 239-253.

[151 R. Meredith and G. H. Preece. “A ranze of 2 and 1 millimeter. .
waveguide components,” IEEE’ Trans. kicrowave Theory Tech.,
vol. MTT-11, pp. 332–338, Sept. 1963.

[16] R. J. Pedersen, private communication.
[17] G. C. Messenger and C. T. McCoy, “Theory and operation of

crystal diodes as mixers.” Proc. IRE. vol. 45. DV. 1269-1283.
Sipt. 1957.

. . .

[18] A. R. Kerr, “Low-noise temperature and cryogenic mixers for
80-120 GHz,” IEEE Trans. Microwave Theory Tech., vol. MTT-
23, pp. 781-787, Oct. 1975.

[19] H. C. Torrey and C. A, Whitmer, Crystal Rectifiers (MIT Radi-
ation Lab. Ser., vol. 15). New York: McGraw-Hill, 1948.

[20] H. M. Day, A. C. MacphersonP and E. F. Bradshaw, “Multiple
contact Schottky barrier microwave diode,” Proc. IEEE
(Corresp.), vol. 54, pp. 1955-1956, Dec. 1966.

[21] M. McCOI1, R. J. Pedersen, M. F. Bottjer, M. F. Millea, A. H.
Silver, and F. L. Vernon, Jr., “The super-Schottky diode micro-
wave mixer,” Appl. Phys. Lett., vol. 28, pp. 159-162, Feb. 1976.

[22] L. A. Blackwell and K. L. Kotzebue, Semiconductor-Diode
Parametric Amplifiers. Englewood Cliffs, NJ: Prentice-Hall,
1961.


