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FABRICATION AND CHARACTERISTICS OF MICROWAVE 

BACKWARD DIODES IN INDIUM ARSENIDE 

By John B. Hopkins 
Electronics Research Center 

Cambridge, Massachusetts 

SUMMARY 


Analysis and calculations have been carried out supporting

the initial qualitative judgment that microwave backward diodes 

fabricated from InAs will have significant advantages over 

currently used materials, particularly in the area of relia

bility. An experimental program including fabrication and 

characterization of such diodes has been undertaken. Microwave 

(9 GHz) diodes of adequate quality have been constructed, 
although etching procedures are not as yet sufficiently refined 
to provide junctions with area as small as desired, particularly 
on a reproducible basis. This has provided confirmation for 
the prediction that good microwave back diodes can be produced
in InAs, for substantially larger junctions than used in Ge 
back diodes, with consequent reliability improvements. These 
results also tend to support the result that improvement in 
sensitivity at a specified frequency, or in cutoff frequency, 
can be expected, although improvement in this sphere is less 
dramatic. The principal drawback of the InAs diodes, resulting
from the low bandgap, is the limitation in maximum operating 
temperature, for diffusion current becomes comparable to 
tunnel current (with deleterious egfects on performance) for 
an ambient temperature of 2 5  to 3 5  C .  (This effect could be 
countered through moderate cooling, possibly thermoelectric.)
The InAs diode is already attractive for applications where 
only lower temperatures are to be encountered, as there is 
litgle change in its microwave characteristic between 80 and 
3 0 0  K. 

On theoretical grounds, a substantially greater bandgap

could be obtained without seriously compromising the effective 

mass by use of the ternary compound semiconductor indium 

arsenide-phosphide, although this single application does not 

appear to warrant the material development effort that would be 

necessary. 




INTRODUCTION 


The back diode, a variant of the tunnel diode, has existed 

since the development of the tunnel diode began ten years ago.

Originally, interest in the tunnel diode was based on the exis

tence of a negative-resistance region in the current-voltage

characteristic, making possible particularly simple amplifiers,

oscillators, and bistable circuits for computer applications. As 

is often the case, various limitations have prevented the tunnel 

diode from achieving the dominance first anticipated, but it 

remains one of the more important solid-state electronic devices. 

An application for which the tunnel diode has been considered 

with increasing interest in recent years is microwave detection 
and mixing (refs. 1-5). ,Whenbiased to a current near Ip, the 
peak current, extremely high sensitivity can be obtained, unfor- & 

tunately accompanied by limited dynamic range, high capacitance,

undistinguished low-frequency noise performance, and the need for 

a stable biasing circuit. These diodes, which are valuable for 

certain applications, are complemented by a special form of tunnel 

diode, the back diode microwave detector, which has also been the 

object of rising interest for several years (refs. 6-10), and has 

recently become available commercially from a number of manufac

turers. 


There is some imprecision in the definition of a back (or

"backward") diode. An idealized back diode is usually thought of 

as a tunnel diode with impurity concentrations such that band 

overlap (with consequent flow of tunnel current) ceases at zero 

applied voltage. One then sees normal diffusion current, which is 

very small for low voltage, in the forward direction, with rather 

higher tunnel current in the reverse direction. Such a diode ex

hibits reversal of the usual "soft" and "hard"(l'low"and high-

resistance) directions, and was thus given the name "back", or 

"backward",diode. However, for slightly higher impurity concen

trations one obtains a tunnel diode with reverse current markedly

increased over this ''pure" back diode but still exhibiting quite

low peak voltage and peak current, and large negative resistance, 

which are of no importance in most applications. These last three 

characteristics are the ones generally intended when the name 

"back diode" is applied. Figure 1 shows qualitatively that the 

range of characteristics one sees as impurity concentration is 

varied, going from a conventional diode to a tunnel diode*. How-


*A particularly clear demonstration of this dependence is given by
Lesk, et al., 1959 I R E  Wescon Convention Record, Pt. 3 ,  pp. 9-31. 

2 


7 



--- 
'I 


b 

'\ 

ever, the doping range encompassed by back and tunnel diodes is 
of the order of a factor of two, and both are doped to approximate
ly l o 3  to lo5 times the concentration of the conventional p-n
junction diode. For clarity, different current scales are used 
for each curve in Figure 1, since peak current is a far more sen
sitive function of doping than is peak voltage. 

-CONVENTIONAL P-N JUNCTION DIODE 
TUNNEL DIODE ....... BACKWARD DIODE 

Iz 

w a 

p: 
3 
0 


VOLTAGE 

I 
I 
I 
I 

Figure 1.-	 Current-voltage characteristics of p-n junctions for 

various impurity concentrations (qualitative) 


The shape of the backward diode I-V curves, with substantial 

non-linearity at the origin, suggests immediately the possibility

of a zero-bias rectifier (ref. 7 ) .  As will be seen in the fol
lowing section, one can indeed optimize the device for zero-bias 
operation, which not only simplifies circuitry, but also is res
ponsible in large part for the extremely low l/f ("flicker")noise 

associated with back diodes. The corner frequency for such noise 

is generally in the kHz range, or lower, and it is this character

iEtic which has made the back diode desirable in Doppler radar 

and other low intermediate frequency systems. For similar reasons, 

substantially less local oscillator power (of the order of 100 LI 

watts) is required when the diode is operated as a mixer than is 

the case for point contact or Schottky barrier diodes. 
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The substantial tunneling current means that the device will 

have significantly lower impedance than conventional detectors, 

which is an advantage in most cases, simplifying matching to typ

ical systems, and permitting broad bandwidths. (It is partially

for the reduction of video resistance that other types of diodes 

require bias, which is detrimental to noise performance). The 

insensitivity of tunnel currents to temperature and radiation is 

an added benefit. However, the back diode is not without disad

vantages. Tunneling junctions are generally of the order of 100 A 

in thickness, and this leads to high junction capacitance with 

associated problems for high-frequency systems. Along with the r
desirable low barrier resistance, one must accept susceptability 
to damage from large transient voltages, and only fair burnout 
resistance. Also, the barrier resistance can be too low, erring b 

in the opposite direction. 


One means of minimizing or removing these weaknesses is 

through the choice of an appropriate material for diode fabrica

tion. Increasing use and availability of a number of 111-V com

pound semiconductors makes this a reasonable approach, and gives

validity to an analysis aimed at determination of an optimum

material. Such an analysis follows. 


SYMBOLS 


dn, dp Depletion width, n and p regions 


Ey 
Energy of top of valence band, p-region 

Ec 


E Energy band gap

g 


Energy of bottom of conduction band, n-region 


fn, fp Fermi functions, n and p regions 


h Planck's constant 


idc 


IP 


It 


DC junction current 


Peak current 


Tunnel current 


k Boltzman constant 

m* Reduced effective mass 

'rf RF power incident on diode 

Pt Tunneling probability 
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9 Electronic charge 

r Junction radius 


pv Density of states, conduction, and valence bands 

0 Electrical conductivity 


T Temperature 


VP Peak voltage 

t 

CHOICE OF OPTIMUM MATERIAL 

b' 

Outline of Calculations 


As a first step, one can obtain a very simple measure of the 

appropriateness of a particular semiconducting material to tun

neling applications by examination of the basic expression for 

tunneling probability. The quantum-mechanical result for a simple

triangular potential barrier of height E

El 
can be expressed as 


Pt cc exp 1  [..;.l[.*Eg]' 2 h  I (1) 

Due to the minus sign, this probability will be higher for 

smaller (m* Eg). Of course, tunneling currents may be estimated 

from a rather more complex equation, with multipliers including

these and other parameters. However, the exponential dependence

makes this term by far the most important for a first approxima

tion. For device applications, high tunneling probability is of 

considerable importance, and it is particularly useful in the case 

of microwave diodes. As mentioned previously, the extreme narrow

ness of tunneling junction leads to high junction capacitance and 

consequent frequency limitations. For larger Pt, a given tunnel

ing current will be obtained for smaller area (if doping is held 

constant) or for a lower-doping (wider) junction (for unchanged

area). Thus, increasing Pt should be a significant step in 

device improvement. Table 1 shows values of m*, E and (m*Eg)$

for a number semiconductors. By far the smallest ?A* Eg) is 

found for InSb, but with a bandgap of .17 eV, room temperature

operation is out of the question. InAs is the next most promis

ing, and here there is clearly a real possibility of meaningful

device improvement. (A similar analysis is carried out by

Kleinknect (ref. ll), with the same basic result). However, there 

are several reasons for carrying out a more elaborate analysis

of the situations. The relationship between material parameters

and meaningful indicators of microwave performance-current sen

sitivity, cutoff frequency, noise equivalent power (NEP, closely 
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related to tangential sensitivity), and others - is a rather com
plex one, and only limited confidence can be placed in simple
approximations. Further, before undertaking the effort involved 

in trying a new material, it is important to have a good estimate 

of the magnitude and type of improvement which should be obtain

able. Finally, it is useful to have an indication of necessary 
or optimum values of fabrication parameters - in particular,
impurity doping concentrations and junction area. 


Although the individual parts of such calculations are quite 

straightforward, the number of different steps involved, along i
with the necessity of using techniques of iteration and numerical 
analysis, and the number of times such calculations must be re
peated for different parameter values, make mandatory the use of b 

a fast digital computer. Given the availability of such a machine, 
one can easily consider not only materials which are already

available, but also those which might become available, such as 

mixed 111-V compounds of various proportions. 


The details of the calculation have been given elsewhere, 

(ref. 12) and will only be outlined here and summarized in the 

appendix. For a given material, the temperature and various 

physical constants are specified, as are doping concentrations 

and impurity levels and junction area (m2). The Fermi levels 

in both the p and n regions are determined in conventional fashion 

from the charge neutrality condition, with careful evaluation of 

Fermi integrals and an iterative solution of the transcendental 

equation. This permits evaluation of carrier concentrations, 

resistivity, etc. Then, under the assumption of an abrupt junc

tion, depletion width (dn + dp), capacitance, diffusion current, 
and other junction parameters are determined. Tunnel current is 
calculated for specific applied voltages, according to conven

tional equations. 


In the computer program, an iterative approach is used first 

to calculate the peak current and voltage. (The peak voltage is 

a useful parameter with which to characterize the doping level of 
the diode, since it is easily measured.) One can then calculate 

i. any desired points for a complete I-V curve. For estimation of 
microwave detection parameters, the points for which calculations 

are carried out are for +1 and +2 mV on both sides of any desired i 
bias point (usually zero). Numerical analysis may then be used 
to determine the slope (f') and curvature (f") of the current-
voltage graph, i=f(v). Then microwave figures of merit are 
readily calculated: 


f"DC Current Sensitivity = 6 E-
idc 

= 4 
'rf f' 
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(1+ Rs/RB) % 
-Cutoff Frequency = fc 
2nCB (RsRB) % ( 3 )  

1

RF Current Sensitivity = B(fo) = 80 (4) 

Figure of Merit = M = f3RB+ 
t Noise Equivalent Power E NEP 

I 

1with Rs = spreading resistance = ~ 4ar 

RB = barrier resistance = -1 
f' 

2nrCB = barrier capacitance 
E (dn+dP) 

The NEP is the input rf power required to generate a dc cur

rent equal to the rms noise current of the barrier resistance. 

(The above expression does not include the effect of l/f noise 

and takes the noise-temperature ratio as unity). 


Results of Calculations 


A large number of computer runs for the materials indicated 

in Table I have been carried out, assuming many different impuri

ty concentrations. Several theoretical results are quickly found. 


', 	 One is that the very high values of f3 which are possible with 
back diodes (for cases with Vp near z&o) are not usable, for 
they occur at dopings sufficiently low that R is very large, and 

't 	 the diode is not suitable for microwave systeib. For an ideal,
non-tunneling p-n junction, i = f(v)aCexp (qV/nkt) - 11, and eval
uation of the derivatives gives f3 o = 1%2 nkT = 19 V-l for n = 1, 
with experimental values generally around 10 to 12 for point con
tact diodes and 18 for Schottky diodes. Computations described 
here indicate that one can seek values of 10 to 40 for the back 
diode without completely unreasonable RB. (Very high values are 
obtained for lower doping, with RB in the range of tens of kilohms 

7 



TABLE I 

m*, E , AND (m*E ) FOR VARIOUS SEMICONDUCTORS 
g g 

Material m* 

Ge .67 - 2 2  .38 

Si 1.10 .33 .60  

GaAs 1.36  .07  . 3 1  

GaSb .67 .20 .37  

InAs . 34  . 0 8  

InSb .17  .01 .05 

TABLE I1 


CALCULATED MICROWAVE PARAMETERS FOR BACKWARD DIODES 
(Junction Diameter = .0005 inch) 

NEP 

Material B ( l 0  GHz) (dBm) 

~~ 

Ge 25 24 - 9 1  

Si 1 6  22 -89 

GaAs 9 5 0  -86 

GaSb 30 23  - 9 1  

.InAs 32 3 3  -95  
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Figure 2.- Current sensitivity f3 vs. barrier resistance RB 
for various materials and junction diameters 
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Figure 3 . - 	 Current sensitivity f3 vs. barrier resistance RB 
for various materials and junction diameters 
(50 GHz 

9 


I 




of 

or higher). The peak voltages for such units tend to be in the 

range of 20 to 40 mV. The most important comparative results are 

summarized in Table 11, where a junction diameter of .0005 inch is 

assumed. One finds that the expected advantages of InAs are 
confirmed. Although GaAs shows a particularly high fc, the 
Bo (10 GHz) is quite low, and offers no improvement. Not sur
prisingly, GaSb is seen as approximately equal to Ge. However, 
the vastly greater technological effort which has gone into ger

manium makes it not surprising that commercial microwave back 

diodes are germanium. It should be noted that the advantage of 
InAs is as much in B as in fc, which is not so markedly improved 
as might have been expected. This results from the relatively t
low doping at which tunneling occurs, so that optimum microwave 
detection parameters are found for somewhat higher RB than is 
the case for other materials. This diminishes the benefit of the > 

decrease of CB, but the moderate increase in RB can be helpful
for system applications. The 4 dB improvement in NEP is a sig
nificant gain in sensitivity. 


A more detailed analytical comparison of InAs and Ge diodes 

shows their differences in several ways, and suggests the kinds 

of compromises involved in optimization. Figures 2 and 3 show 
theoretical current sensitivity 6, at 10 and 50 GHz, as a func
tion of barrier resistance. Of course, the true independent
variable here is impurity concentration, but resistance for a 

junction of specified area is an equally valid parameter and more 

easily related to experimental efforts and device applications.

The most important conclusion to be drawn from both sets of 

curves is that InAs diodes can have substantially larger junction 

area than Ge detectors of equivalent sensitivity. The alterna

tive viewpoint, that InAs can provide greater sensitivity for the 

same size, is equally valid, although the improvement is likely 

to be small enough so that the reliability advantages of large

junctions (high burnout energies and reduced fragility) will take 

precedence. Note that for 25-1-(junctions (approx. 0 . 0 0 1  inch)
the maximum in B occurs at relatively high doping, and, therefore, 
at low RB. These RB values are rather difficult to use in a mi
crowave system, so that a junction diameter not much larger than 
101-1 is important for good performance. There are two dominant 
factors determining the B vs RB curves. One is change of the cur
vature of the current-voltage characteristic as doping is varied, 
so that Bo decreases with increasing impurity concentration. The > 

other major variable is the cutoff frequency fc, which decreases 
with increasing RB. These effects interact in a way which is sen
sitive to junction area. A change in area requires different dop
ing, with different tunnel current density, to give the same RB, 
though Bo will change. In addition, the cutoff frequency depends 

, the barrier capacitance, and the spreading resistance, all 
On w ich are functions of area. Figure 4 shows fc plotted against
RB for several relevant cases, and the advantage of InAs in this 

area is apparent. 
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Figure 4.- Cutoff frequency fc vs. barrier resistance RB 
for various materials and junction diameters 

Note the closeness of the 4-11 Ge and the 10-1-1 InAs curves. Thus, 

although these analytical and computational results are based on 

a simplified model, they provide significant support for an ex


1 perimental study of InAs microwave backward diodes, with improved

reliability as the principal advantage, once microwave diodes 


4 have been demonstrated in this material. 


Fabrication of InAs Back Diodes 


The techniques used for fabrication of InAs microwave back 

diodes are based on standard tunnel diode methods, and build 

particularly on the work of Klienknect (ref. 11). Wafers of 

n-type InAs, tin-do ed to carrier concentrations of 

.6 - 1.4 x lo1* cm-5, are polished, cleaned in dilute H C 1 ,  and cut 
into chips approximately .015 x .015 x .010 inch. Dots of InAs 
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containing 10 percent cadmiun, with diameters from .002 to .005 
inch, are then alloyed into the chips in a hydrogen atmosphere 
at a temperature of 4500 to 500OC which is held for 30 sec. to 
1 min:, followed by fairly fast cooling (5 to 100C/sec). The 
chip is then mounted in a standard varactor package using 60/40
lead-tin solder at 3000, and a .001 inch gold wire is welded 
across the top of the package and pushed down into contact with 
the dot. The assembly is then heated to 275O (in hydrogen
atmosphere), fusing the wire to the dot. 

A crucial step in the manufacture of tunnel diodes is etch- I, 
ing the junction to the desired size, and this step is equally
important with the back diodes. A large number of chemical 

etches are effective with InAs, but none were found to be simul- I 


taneously controllable, harmless to the package and wire, and 

more effective in etching the junction than the dot. This led 

to attempts to utilize electrolytic etching (ref. 13), and this 

has given satisfactory results. The etchant used is ammonium 

sulfate, (NH4)2 SO4. Of the logical alternatives, (NH4)2 S 2 0 8  

was found to be too active, and (NH4)2 S203 was rather slow, and 

generalized chemical etching sometimes occured. The effort in

vested in development of etching procedures has been limited to 

that consistent with device feasibilities studies, and the tech

niques have not been completely perfected. The basic procedure

consists of immersion of the packaged diode (without top) in a 

10 percent solution of etchant for repeated periods of 30-seconds 

duration. It proved useful to inject solution directly into the 

package with a hypodermic syringe. The chip side of the package

is used as the anode, with the cathode submerged in the solution. 

Total etching current was of the order of 100 to 500 mA.,  al

though most of the current presumably passed directly through the 

package into the solution, and had no etching effect. Following

etching, the devices are washed in deionized water and soaked for 

30 minutes in the chelate EDTA (sodium (tetra) ethylenediamine 

tetra acetate) to remove ions*. The final rinse was methanol. 

The uniformity and controllability of the process is no more than 

adequate, but significant junction area reduction down to values 

adequate for microwave diodes, by means of partial undercutting U 


of the dot, are obtained, with no attack on the gold-plated kovar 

pedestal and flange of the package, the gold lead, or the InAs 

chip, and little etching of the dot itself. It is apparent that 4 

the dominant mechanism, as expected for electrolytic etching, is 

dissolution of the thin, alloyed p-layer of the semiconductor, 

although the rather granular structure of the indium dots, combined 

with some chemical etching of them, often leads to destruction of 

the junction before junction area is reduced to the degree often 

obtained for tunnel diodes in other materials. Sectioning indi

cate junction diameter of approximately .002 inch for typical

units; with some devices an apparent .001 inch (as indicated by

relative values of zero bias resistance) is obtained. A completed 


*Private communication, D. Sandstrom, NASA, ERC 
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device is shown in Figure 5 and a cross-section in Figure 6 .  

Device Characterization 


Throughout the fabrication process, the device current-

voltage characteristic has been found to be a good indicator of 

device quality. Series resistance should be small (less than a 

few ohms), and parallel resistance, due to ohmic shunting

around the edges of the junction, should be much greater than the 

resistance associated with the diffusion component of junction
* current at low voltages. While normal excess current is present,

the low band gap of InAs results in large numbers of carriers and 


* 	 consequent substantial diffusion currents, even at room tempera
ture. Indeed, this represents the principal limitation on the 
use of this material. Figures 7, 8 ,  and 9 show I-V characteris
tics for InAs backward diodes fabricated with the same alloying
cycle, using wafers of three different impurity concentrations. 
Although differing junction size is responsible for different 
scale factors, the diffusion current component remains at the 
same level, while the tunnel current is markedly different for 
the three cases. This is also illustrated in Figure 10, which 
shows the I-V characteristic for temperatures between 80 and 
300°K. The tunnel current is nearly independent of temperature 
over this range, but the diffusion current increases strongly
with temperature. 

The diffusion component is given by the familiar p-n junc


qv
and for 3 << 1, Idif a vaP which is ohmic behavior.nKT 
At zero bias, a desirable detector operating condition due to 
considerations of l/f noise and simplicity, this part of the cur

rent adds a linear component, reducing the I-V curvature, and 

hence reducing the detector sensitivity, 8,. The degree to which 

* 	 such degradation occurs is quickly apparent when the device is 
examined on a curve tracer, as may be seen in Figure 10. This 
consideration, along with the difficulty of reducing junction
size, has an important practical impact on optimum impurity con
centrations. Use of a heavily doped wafer, as in Figure 9 ,  
minimizes the effective shunting of the diffusion current, but 
the associated higher current density brings a junction barrier 
resistance so low (perhaps 10 ohms for a device of typical size)
that matching to a microwave system becomes quite difficult. In 
addition, curvature of the current-voltage characteristic changes
with impurity concentration with the results that Bo decreases 
with increasing doping. Actually, once tunnel current signifi
cantly exceeds diffusion current, a more complicated optimization
is involved for the ideal case in which spreading resistance and 
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Figure 5.- InAs backward diode in microwave package 

.1 

Figure 6.- InAs backward diode (cross-section) 
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Figure 7.- Current-voltage
characteristic of InAs backward 

diode. (Carrier concentration 

.75 x 1 0 1 8  cm-3. Vert.: 
5 mA/div. Horiz.: 50 mV./div.) 


Figure 9.- Current-voltage
characteristic of InAs backward 

diode. (Carrier concentration 

3 . 8  x 1018 cm-3. Vert.: 
.5  mA/div. Horiz.: 50 mV./div.) 

I .-

I 

Figure 8.- Current-voltage
characteristic of InAs backward 
diode. (Carrier concentration 
1.6 x 1 0 1 8  cm-3. Vert,: 
5 mA/div. Horiz.: 50 mV./Div.) 

Figure 10.- Current-voltage

characteristic of InAs backward 

diode for various temperatures

from 80° K to 300° K. (Forward 
current increases with tempera
ture.) 

15 




cut-off frequency must be considered. This has been examined by 

means of the computer calculations described earlier. For a 

given minimum junction area, there is generally a particular dop

ing level (and associated peak voltage and peak current) for 

highest sensitivity at a particular frequency, and the maxima 

found are generally fairly broad. In the experimental work de

cribed here, emphasis has been given to verification of basic 

features of InAs backward diodes, without seeking engineering

perfection. For most materials, including InAs, the optimum case 

includes peak voltage of approximately 20 to 40 mV, and that is 

the range in which our diodes fall. Microwave performance of 

these diodes has varied considerably, in a manner generally qual

itatively predictable from the shape of the I-V curve and the 

apparent junction size (as estimated from the zero bias resist
ance). The best diodes have exhibited tangential sensitivity
(TSS) essentially equivalent (+ 1 dB) to a number of commercial 
microwave backward diodes. Results at 8.8 GHz, for a video fre
quency of 100 kHz and bandwidth of 10 kHz are shown in Table 111. 
Tangential sensitivity represents the input power necessary for 

the detected signal to be distinguishable from the noise (pre

dominantly thermal) generated in the diode. For the bandwidth 

used, the TSS values measured are rather lower in magnitude than 

expected, apparently due to system noise which exceeds the ther

mal noise of the diodes by perhaps 5 dB. However, the commercial 
and InAs diodes are of the same impedance level, so the compari
son remains valid. Measurements of the open-circuit voltage
sensitivity y('vdc/P,f) and 1,2,4, and 9 GHz indicate a cutoff 

frequency fc of approximately 2 GHz for the better units, although

the best diodes (those which gave the competitive TSS measure

ments) were accidentally destroyed before these measurements 

could be made. These results are shown in Table IV, along with 

commonly used figure of merit, M=BR4B = y q .  

All diodes were exposed to microwave radiation at a 300-mW 

power level without degradation. Most of these devices have 

somewhat larger junction areas than would a perfected microwave 

diode, so this is not conclusive. But, burnout powers of 100 to 

200 mW are typical of published specifications. 


Fragility is also difficult to characterize with a limited 

number of diodes, made by a variety of techniques, with electri

cal performance the primary consideration. In general, the de

vices have survived considerable handling, dropping, etc, while 

on the other hand, the commercial back diodes tested have been 

quite delicate, and often do not survive repeated handling in 

the course of measurements. Again, the InAs diodes are rather 

larger than optimum, so that this result can not be considered 

definitive. However, it does support the reasonable assertion 

that for two diodes of comparable detection performance, the 

devices with larger junctions are significantly more rugged. 


16 




TABLE I11 


MEASURED TANGENTIAL SENSITIVITY FOR InAs BACKWARD DIODES 
(FU? 8.8 G H z ,  IF 1 0 0  k H z ,  Bandwidth 1 0  k H z . )  

TABLE IV 


MEASURED BARRIER RESISTANCE RB, VOLTAGE SENSITIVITY, AND FIGURE 
OF MERIT M FOR InAs BACKWARD DIODES,(1,2,4, and 9 G H z . )  

Y = 
"oc 

p R L -"oc 
rf ISC 

17 




CONCLUSION 


Analysis and calculations have been carried out supporting

the initial qualitative judgment that microwave backward diodes 

fabricated from InAs will have significant advantages over cur

rently used materials, particularly in the area of reliability.

An experimental program including fabrication and characteriza

tion of such diodes has been undertaken. Microwave (9 GHz)

diodes of adequate quality have been'constructed,although etch

ing procedures are not as yet sufficiently refined to provide

junctions with area as small as desired, particularly on a re

producible basis. This has been a limited fabrication program,

appropriate to an exploratory study. However, it has provided

confirmation for the prediction that good microwave back diodes 

can be produced in InAs, for substantially larger junctions than 

used in Ge back diodes, with consequent reliability improvements.

These results also tend to support the result that improvement

in sensitivity at a specified frequency, or in cutoff frequency, 

can be expected, although improvement in this sphere is less 

dramatic. The principal weakness of the InAs diodes, resulting

from the low bandgap, is the limitation in maximum operating 

temperature. Among the better diodes fabricated, from doping

appropriate to detector applications, diffusion current becomes 

comparable to tunnel current (with deleterious egfects on per

formance) for an ambient temperature of 25 to 35 C. While final 

fabrication refinement might give some improvement, this restric
tion must be regarded as inherent. This effect could be countered 
through moderate cooling - possibly thermoelectric - although this 
approach adds to power consumption and system complexity, and gen

erally can be justified only on the basis of very marked iniprove

ment in performance. The InAs diode is already attractive for 

applications where only lower temperatures are to be encountered, 

as there is little change in its microwave characteristic between 

80 and 300°K. 


On theoretical grounds, a substantially greater bandgap

could be obtained without seriously compromising the effective 

mass by use of the ternary compound semiconductor indium arsenide

phosphide. Research on this must await availability of good

quality InAs-P with proper doping and As/P ratio, and this single

application does not appear to warrant the material development

effort that would be necessary. 


In summary, an exploratory investigation has indicated that 

significant improvements in back diodes can be realized through

the use of new materials. While the semiconductor used here, 

InAs, is limited to operation at room temperature and.below, the 

results obtained with it strongly suggest the conclusion that 

substantially improved detectors for a wider temperature range 

can be achieved by extension to indium arsenide-phosphide. 
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APPENDIX 


CALCULATION OF CHARACTERISTICS OF TUNNELING JUNCTION 


The physical model used is that of a conventional p-n junc
tion. Perfect crystal structure is assumed, with an impurity
concentration which changes abruptly from Nd, at energy - Ed 
(n-region), to Na, at energy Ea (p-region). The band structure 
i s  taken to be particularly simple--parabolic, and isotropic in 
k. Only direct tunneling transitions are considered. This could 

be a serious restriction, since both germanium and silicon are 

indirect-gap materials. However, the principal error will be 

only in current densities; so, much useful information can be 

obtained for these materials as well. (Most 111-V semiconductors 

of current interest are essentially direct-gap and accurate esti

mates can be obtained for them). In fact, results for Si and Ge 

do agree well with experimental results of others. 


Tunneling current is a very sensitive function of tunneling
distance, and considerable care is taken in determining this para
meter. The various material constants are specified for the tem
perature assumed and are taken to be independent of applied
voltage and Fermi levels and constant throughout the materials. 
The required data for the material includes band gap, dielectric 
constant, lattice constant, hole and electron mobilities, 
effective masses, and recombination times. The diffusion con
stants are calculated from the mobilities using the Einstein 
relation (D = kTu/q) corrected for degeneracy. The diffusion 
lengths are determined from the diffusion constants and recom
bination times. In addition, the impurity doping parameters are 
specified, including both concentrations and energy levels. 

The first step in determining the electrical characteristics 

of a semiconductor is calculation of the position of the Fermi 

level. For a p-n diode, this is done separately for the p and n 

regions. 


The basic equation used is that of charge neutrality: 


electrons in holes in 3-~onized]+~n-ionized
band donors acceptors 1 = 0 (AI) 

The assumption is made that in the n region EJ, = 0, and in the 
p region Nd = 0.  
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Through entirely conventional manipulations, Eq. (1)may be 

written: 


1de - Nd K n E dE = 0 
e g 

where 
(A2 1 

= Ef/kT, E 
g 

= E
4
/kT 

An analogous equation describes the p region. A l l  three terms 
in Eq. (A2) are functions of Ef, and no closed analytic expres
sion can be obtained. A simple iterative procedure is used (with 
a separate subroutine for the computer calculation) to determine 
the Fermi levels. 

When calculations of Ef for the n and p regions have been 

made, carrier concentrations are immediately obtained, and con

ductivity may then be calculated as 


cT = nqlJe + pqlJh. 

For degeneracy (impurity concentrations such that the Fermi 

levels are within the n-region conduction band and the p-region

valence band), the assumption that all impurities are at a par
ticular energy level, with no interaction, is significantly in 
error. An emprical approximation f(Ef) = 1/3 for Ef above the 
donor level or below the acceptor level -- seems to agree fairly
well with relevant published data, and gives a continuous function, 
since fp(Ev) = fn(Ec) = 1 / 3 .  

(Such an approximation is unlikely to be accurate at strong de

generacy, but that is a situation rarely found. For backward 

diodes, the principal subject of this study, only slight degen

eracy occurs.) Mobility is affected markedly by high impurity

concentrations, and a correction is necessary. The one chosen is 

that of Dingle and Brooks (refs. 14,151.  

The next step is computation of device behavior under ap
plied bias. All voltage drop is assumed to take place across 
the junction, and -- for specific applied voltages -- the thick
ness and shape of the depletion region are determined. This is 
a conventional calculation, based on the assumption of an abrupt 
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junction. Junction capacitance (per unit area) is then calculat

ed from the depletion layer width and the dielectric constant of 

the material. For a specified junction area, junction (barrier)

capacitance CB is then known, as is the spreading resistance, 

RS, which is determined from the semiconductor conductivity:
RS = 1/4crr, where r is the junction radius. 

Tunnel current is calculated from the following conventional 
equations (ref. 16): 

with the tunneling probability Pt written as 


(A4  

IO is a constant, determined from the condition that (ref. 17) 


q3’2 (m*) 2’n 
I =  
P 9h2E ’ ( A 5  

g 


F is the average field across the junction, where the actual 
tunneling distance (t = tn + tP is somewhat less than the deple
tion width, and this effect is included. In this manner the 
tunnel current can be calculated for any applied voltage. In the 
computer program an iterative approach is used first to calculate 
the peak current and voltage, and this current compared to the 
theoretical expression for I [Eq. (A5)]  to determine the constant 
I
0 
which appears in Eq. (A3)? 
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