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Abstnzct —Room-temperature noise measurements at 2.2, 12, and 97.5

GHs were performed on commercial sihcon Schottky-barrier diodes and

are shown to agree with the model presented in this work. This model is an

extension of earlier work by van der Ziel on infrared detection in Schot-

tky-barrier diodes. In the theoretical analysis, the electrons participating in

the charge-transport process across the barrier are subdivided into four

groups based on their initiaf velocity. The contribution of each group to the

device conductance, susceptance, and current speetraf intensity was incor-

porate& including the effects of the transit time. By taking each of these

effects into account, an accurate model which appfies over a wide range of

bias and frequency has been developed. Although the emphasis of tI&

model has been on the high-frequency performance, the model afso gives

the correct results in the low-frequency limit.

I. INTRODUCTION

sCHOTTKY-BARRIER DIODES have become in-

creasingly important due to their excellent high-

frequency properties. They are in widespread use in the

mixing and direct detection of signals at frequencies up to

several hundred gigahertz [1]. Since these devices are being

operated at such high frequencies, it is necessary to have a

model which is capable of describing the device behavior

on time scales on the order of the transit time of electrons

across the junction. This paper presents such a model for

silicon Schottky-barrier diodes and compares the theory

with experimental results for commonly used commercial

silicon devices. The theory is also applicable to GaAs

devices, although in that case the effects will be less

pronounced in the frequency range we consider in this

paper due to the smaller effective mass of electrons in

GaAs.

The noise characteristics indicate that three frequency

regimes must be considered. At low frequencies, excess

noise is dominant, which has a l/~ spectral dependence.

In the intermediate-frequency range, the noise is white and

is adequately explained by the well-known shot noise

theory. At high frequencies, transit-time effects cause the

noise to be a function of frequency.

Manuscript received December 18, 1985; revised June 9, 1986. This
work was supported in part by the National ScienceFoundation under
Grant No. ECS-8007623.

M. Trippe was with the Department of Electncaf Engineering, Univer-
sity of Florida, Gainesville. He is now with Martin Marietta Research
Laboratory, 1450 South Rolling Rd., Baltimore, MD 21227.

G. Bosmatt and A. van der Ziel are with the Department of ElectncaJ
Engineering, University of Florida, Gainesville, FL 32611.

IEEE Log Number 8610508.

II. PHYSICAL MODEL

In their basic form, Schottky-barrier diodes have a very

simple configuration. This is depicted in Fig. 1. A small

metal anode contact (e.g., gold) is deposited on top of a

semiconducting wafer (e.g., Si or GaAs). A large-area

ohmic back contact is used in order to lower the series

resistance of the bulk semiconductor.

In spite of the simple configuration of Schottky-bamier

diodes, the physical mechanisms which govern their oper-

ation are complex. The importance of each mechanism

may also vary with frequency and bias.

The device description starts with a consideration of the

band diagram (Fig. 2). The metal on the n-semiconductor

gives an energy barrier of q@m,. The vahte of q@~, is often

calculated for metal–semiconductor systems by consideri-

ng the work functions, electron affinities, and doping

densities of the materials. This calculated value may b~ of

little use as the actual barrier height also depends on the

number of interface states, and this number may not be

well controlled. In practice, the actual barrier height is

determined from 1– V measurements once the reverse

saturation current is known. This eliminates the need for

assumptions concerning the metal-semiconductor barrier

height. It will be assumed that the Schottky-barrier height

remains constant with bias.

The difference in energy between the conduction band

and Fermi level (far from the junction region) is qVH. This

is governed by the doping density in the semiconductor

material and may be found from [2]

()V.=V~ln *
D

(1)

where V= is the thermal voltage ( = kT/q), which is equal

to 25.8 mV at room temperature, Nc is the effective

density of states of the conduction band, and ND is the

doping density.

Once q@m. and qVn have been determined, the diffu-

sion potential P& may easily be found

V&= @m, – Vn. (2)

This will be a convenient quantity for many calculations.

The charge-transport mechanism which governs the op-

eration of the high-frequency Schottky-barrier diodes which

we have studied is thermionic emission. In order for tlher-

mionic emission to dominate the dc current, the depletion
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Fig. 1. Configuration ofasimple Schottky-barrier diode.
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Fig. 2. Band diagram of themetaf-semiconductor contact. Electrons of
group 1 have KE<qVdif and return to the neutraf semiconductor.
Electrons of group 3 have KE=qVdif. Electrons of group 2 have
KE>qJ& and afways reach the metaf contact. Electrons of group 4
make up the reversesaturation current.

region width must lie within arangeof values; that is, the

doping density should not be so low that significant

scattering could occur in the space-charge region. In this

work, it will be assumed that electrons can cross the

space-charge region without suffering any scattering.

Conversely, the doping should not be high enough to allow

the tunneling of electrons across the resultant narrow

space-charge region.

According to Sze [2], the dc current flow will be due to

thermionic emission if the electric field is between

104 V/cm and 105 V/cm in silicon diodes. This is the case

for the assumed doping density of 1017 cm-3 of our diodes.

The process of thermionic emission is the thermal exci-

tation of charge carriers to a sufficient kinetic energy such

that they may cross the energy barrier of the junction.
Since the bottom of the conduction band represents zero

kinetic energy, electrons in the semiconductor must have at

least an energy of ql(df in the negative x direction in order

to reach the metal contact and be collected.

The electrons of the semiconductor participating in the

charge transport can be subdivided into four groups. (See

Fig. 2.)

Electrons of group 1 have insufficient kinetic energy in

the negative x direction (KE < qVdif ). These electrons al-

ways return to the neutral semiconductor and give no

contribution to the dc current. These electrons have the

same characteristic time of flight regardless of their initial

velocity. At low frequencies, these electrons give no contri-

bution to the device conductance. As the operating

frequency increases, the small-signal conductance and noise

due to these electrons rises as W2 and dominates the device

conductance. It will be shown that this group of electrons

controls the high-frequency behavior of the device at low

biases. The conductance and noise of this group of elec-

trons does not change significantly with bias. Most elec-

trons of the semiconductor occupy states near the bottom

of the conduction band; consequently, a change in the

barrier height due to an applied voltage will not cause any

appreciable change in the number of electrons in this

group.

The electrons of group 3 have sufficient kinetic energy

to just reach the metal contact (KE = qVdif ). If no signal

were applied, then these electrons would always be col-

lected at the metal contact. With an applied small-signal

voltage, some electrons of this group will be collected

while others will return to the neutral semiconductor. For

this group of electrons, dl/dV is large. At intermediate

frequencies, this group of electrons dominates the small-

signal device conductance, even though only a fraction of

the dc current is carried by them. The conductance due to

this group of electrons is constant up to frequencies on the

order of the reciprocal transit time and decreases rapidly

at higher-frequencies. The intermediate-frequency conduc-

tance of this group of electrons is given by the slope of the

1– V characteristic.

The electrons of the semiconductor which have suffi-

cient velocity (kinetic energy) to always pass the energy

barrier are designated as belonging to group 2, as shown in

Fig. 2. Since the electrons of this group are always col-

lected, they give rise to the dc current. With an applied

signal, the velocity of the electrons during the transit time

is slightly modulated. This is a small effect and the quan-

tity dl/dV is approximately zero for this group. The

contribution to the conductance from this group of elec-

trons may be neglected for all frequencies of interest.

Group 3 is a special case of group 2 under ac short-cir-

cuited conditions. The same description will hold for both

in calculating the spectral intensity of the noise. These

electrons carry the dc current and, since the electrons are

emitted at random times, give an intermediate-frequency

spectral intensity equal to the shot noise of the dc current.

The spectral intensity is white up to frequencies on the

order of the reciprocal transit time and drops steeply at
higher frequencies. This noise component varies linearly

with the device current (exponentially with voltage). At

high bias, the passing electrons will dominate.

The fourth group of electrons to be included consists of

electrons making up the reverse saturation current. The

reverse saturation current consists of electrons in the metal

which have sufficient kinetic energy in the positive x

direction to cross the energy barrier of qrlm,. Once the

electrons have crossed the energy barrier, they are swept

by the electric field to the neutral semiconductor. Since the

electric field causes the electrons to be accelerated to a

very high velocity, their transit time is extremely short. For

this reason, the spectral intensity due to these electrons is
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considered white and equal to full-shot noise. The energy

barrier q@~~ is not a function of bias in this model. This

allows the magnitude of the reverse saturation current to

be considered constant.

III. 1– V CHARACTERISTICS OF SCHOTTKY-BARRIER

DIODES

The current-transport mechanism which will be consid-

ered is the thermionic emission of electrons. The results of

this model have been known for many years [3]. Some

background information will be presented in order to show

the assumptions invoked, but the reader is referred to the

‘references for complete details.

The calculation of the I–V characteristic is simplified by

the fact that only electrons of groups 2 and 3 contribute to

the dc current. Thus, it is only necessary to find the

number of electrons traveling from the semiconductor to

the metal per unit time. This current is a function of the

applied bias voltage.

The current which is flowing may be expressed as an

integral over the x-directed velocity. This may be shown to

equal

4rqm *2k
I= Area

()

—;m*u:

T/wvX exp kT
h3

,dvX (3)
%

where Um is the electron escape velocity. The integration

over the UYand v= components has already been performed

in (3). The integration variable may be changed by realiz-

ing that the condition for thermionic emission is

1
q(V~ti – V) = ~m”v~. (4)

Equation (3) can be evaluated analytically. However, it is

important to realize that the current flowing in a small

velocity interval AuX is give,n by

4wqm*2k

()

*2

AI= Area TVXexp
—~m VX

h3 kT
AuX. (5)

This will be a Useful result in the calculation of the noise.

For the dc current, the standard Richardson equation

follows from (3). This yields

I = Area A* T2exp
(+ex+a “)

where

4qwm*k2
A*=

h3 “
(7]

The variations from the ideal case are adequately mod-

eled by including a nonideality factor m in the expression

for the diode current. A simplified expression of the diode

current is

I=IO(exp(a-l)(8)
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Fig. 3. 1-V characteristicof Hughesdiode at 300K.

where

10= (Area) A* T2exp

(+)=Isexp(+) “)

The quantity I., which is defined by (9), will be convenient

for use in the high-frequency analysis. Note that 1, is

much greater than l.. Also note that the constant reverse

saturation current has now been included.

The measured 1-V characteristic of the Hughes model

47316H-1111 silicon Schottky-barrier diode detector is

shown in Fig. 3. All measurements were performed at 300

K. The slope of the line indicates a nonideality factor m

equal to 1.09. By extrapolating to zero bias, the reverse

saturation current is found to equal 3 x 10 – 8A. Assuming a

junction diameter of 2 pm, the actual Schottky-bamier

height is determined to be 0.585 eV.

The saturation current and Schottky-barrier height are

important parameters in the device model. Another im-

portant parameter, which is a parasitic effect, is the series

resistance. This plays an important role at high bias cur-

rents for both the admittance and noise. The value of the

series resistance is determined from the deviation of’ the

measured 1– V curve from a true exponential curve at high

bias. For a current of 2 mA, the deviation is 20 mV. This

indicates that the series resistance is 10 !2.

The device parameters determined in this section will be

used in the description of the noise properties. The naea-

sured values were used without modification.
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IV. INTERMEDIATE-FREQUENCY THEORY

The intermediate-frequency noise theory has been known

for some time [4]. The basic starting point of an analysis is

the dc current, which one assumes can be described in the

form of (8).

Assuming that the current Id gives full shot noise and

that the device conductance gd is given by the derivative

of the 1– V relationship when evaluated at the operating

point, one obtains

SI(.f) =4kTng~= 2qI,~= 2q(I+210) (lo)

with gd = dI/dV = (I+ Io)/m V~.

From (10), the expression for Tn results in

()mT I-t-210 mT
Tn=— — =— for I>> I..

2 1+10 2
(11)

This is the well-known intermediate-frequency result and

is commonly used. Note that it does not depend on bias

under the stated assumptions. It is a common misconcept-

ion that these devices will shown both thermal noise and

shot noise when forward biased. In fact, the shot noise is

the actual measured quantity. Even though the device has

a known impedance, it is not a passive resistor at 300 K;

rather, it is an active device. Since the device is not in

thermal equilibrium, it is not necessary for it to give

thermal noise.

Now consider the addition of a series resistance to the

device model, as shown in Fig. 4.

In a measurement, only SI,, can be determined, and this

has a value of

2qI~~2 + 4kTr,
S1,, = (12)

(r. +~)2 (r, +~)’”

This may be expressed in terms of a noise temperature as

2qI~ ~’ + Tr,
Tw=— — —

4k r$+q r~+q”
(13)

The results of the noise measurements between 10 Hz

and 150 MHz are presented in Fig. 5. It is seen that the

Hughes diode exhibits excess noise at low frequencies and

tlhen reaches a constant noise level for higher frequencies.

The low-frequency noise goes approximately as l/~. The

constant value which is reached corresponds closely to the

calculated values for the shot noise of the bias current

when the effect of the series resistance is included (see

(12)). The calculated values are indicated by the solid lines,

and these correspond to a noise temperature of mT/2.

Above the excess noise corner frequency, the theoretical

slhot noise level of the dc current coincides well with the

measured noise level (see Fig. 6). This is true for the

various bias currents which were used during the noise

measurements. These shot noise measurements indicate

that the device behaves in the well-known manner at

intermediate frequencies.

In addition, Fig. 6 shows that there are no excess noise

sources which extend into the microwave-frequency region.

1 I x

Y
Fig. 4. Low-frequency model of a Schottky-bamierdiode,

-16
10

:0
-17
10

-* 00
-18 -

0 1.42 mA

10
S,(F) ‘%

Y 103mA

-+ A 256 PA

-19 - 0
- ●*

\

+ 103 IIA

10 s 11.6 PA

+
(A2JHZ)

-20 -m
●

‘++ ●

w
10

!\

% %
■

-21 ●*,
10 ■ ■■ ‘?%0

%
\

**
■ ■ ■ ●’e ‘“” *

-22
10

N ~m% “ ●++* —

1IF ❑
-23

10 –7
■

■

3 ‘k
-24 23 7

10 I 1 ,,\, ,, [ 1 , [ (

10’ 102 103 104 105 106 107 106 109

F (HZ)

Fig. 5. Spectral intensity of current fluctuation versusfrequency for the
HughesSchottky-barrier diode.

-20
10

S,(F) 4kT/RS

2ql-21
10

(A21HZ)

-22
10

-23
10

-7

-2
-24 23 7

10 I

-5 -4
10

-3 -2
10 10 10

I (A)

Fig. 6. Noise plateau valuesasa function of bias.

V. HIGH-FREQUENCY THEORY

Van der Ziel has provided the theoretical framework for

analyzing the effect of the transit time on Schottky-barrier

diodes operating in the thermionic mode [5]. The case to

be considered is for a uniformly doped semiconductor

(linearly varying electric field). It is assumed that all of the

electrons are emitted from the interface between the de-

pleted/nondepleted region of the semiconductor.
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In order to calculate the noise temperature of ‘the device,

the conductance and spectral intensity of the current pulse

due to each electron must first be found. From the equa-

tions of motion, the velocity of an electron as a function of

time may be found for an electron of any group. This

velocity relates directly to the current flowing

–qU(t)
i(t) = ~ (14)

where d is the width of the space-charge region.

From the equation of motion for a single electron, one

finds

ZJx(t)= Ux(o)cosat (15)

where a is the plasma frequency in radians per second and

is equal to (qE~=/m*d )1/2. Both E~m and d are func-

tions of the applied bias. It should be noted that a small

effective mass, such as for GaAs, leads to a shorter transit

time and better high-frequency performances of the device.

Electrons which belong to group 1 have’ insufficient

kinetic energy to cross the barrier and return to the unde-

pleted semiconductor region. During their time of flight,

the current which flows has the time dependence il-

lustrated in Fig. 7. This is shown for the case of a single

electron, but in practice the amplitude must be multiplied

by the number of electrons injected with the same initial

velocity.

The electrons of group 1, regardless of their initial

velocity upon entering the space-charge region, all require

the same characteristic time to return to the neutral semi-

conductor region. Only the amplitude of the current pulse

changes due to the different possible initial velocities. The

characteristic time for an electron to return is

TR = 7r/a. (16)

r.

Fig. 7. The solid curve indicates the current pulse due to a single
electron of group 1. The dashed curve is for an eledtron of slightly
higher initial velocity. This figure shows that all electrons of group 1
have the samecharacteristic time of flight.

Fig. 8. The current which flows as a function of time causedby an
electronof group 2 or group 3.

where the parameter c is the normalized angular frequency

(defined as ti/a, where o is the frequency of operation)

and 1. was defined in (9). In this notation, 1. is very much

larger than Id for normal operation. This conductance

dominates at high frequencies when the diode is operated

at low bias currents. It should be recalled that most

electrons have energies near the bottom of the conduction

band edge and thus belong to group 1.

If the series resistance of the device is zero, then it is

possible to calculate the effective noise temperature of the

device with ‘no knowledge of the junction susceptance.

However, for most diodes the series resistance is not

negligible, especially for high bias currents. The combined

effect of the series resistance and junction susceptance will

be discussed during the calculation of the theoretical noise

These electrons carry no dc current and at low frequen- ‘emperature-

cies do not give any significant contribution to the device The component of junction susceptance due to those

admittance. The characteristic frequency associated with electrons which return can be found to equal [5]

the current pulses is j~ = l/(27rT~). When operated at high

frequencies, the applied signal may be of a frequency on

the same order of magnitude as this characteristic

frequency. These current pulses thus give a contribution to

the device ad~ttance. The real part of this admittance

component (i.e., the conductance) increases as 02 for low

frequencies and reaches a maximum when the frequency of

operation corresponds to 1.37 times f~. The maximum

may be found by differentiating the expression for the

conductance. The conductance due to these electrons is

given in [5] as

1,–1~ 1 c
——

’11= V&-vd2 1–C2

“(~l–cos7r(l -c) l–cos7r(l+c)

l–c – l+c )
(17)

I, – Id cw
bll =

[

sin(l–c)fi
— l–

V&– v~ 2 l–c
+ 1‘in::+. (1;)

The electrons with sufficient kinetic energy to always

reach the metal contact are those of group 2. The current

pulses due to two possible initial velocities are illustrated

in Fig. 8. The device admittance is found by applying a

small ac voltage and calculating the response of the elec-

tron velocity. The transit time is also changed due to the

applied signal.
Since the electrons from this group are always collected,

they carry the dc current and are not much affected by an

applied small-signal voltage (dI/dV being approximately

zero for this group of electrons). Nonetheless, an applied

signal does influence the velocity of electrons during the

transit time, and the contribution to the conductance may
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be calculated as

‘dJmex’-(-%)d(:)’22= J’& – Vd ()

lC

(

,in+,inc++ (l-cos(l - c)+)
.——

2 1–C2 l–c

(l-cos(l+ c)@)
—

l+C )
(19)

where @= a 7F, e V{ is the energy of the arriving electrons,

and 7F is the dc transit time.

Again, the component of device susceptance may be

calculated and is equal to

bzz=vd:~vdl”ex’-(%)d(:)
lC

[
“–— @+sin+cosc@

2 1–C2

(

sin(l–c)~ + sin(l+c)~
+

l–c )1l+C “
(20)

It should be noted that, for most cases, the effect of

electrons of this group may be ignored in the admittance

calculation. However, in the calculation of the spectral

intensity of the current fluctuations, the electrons of group

2 play an important role.

The final group of electrons which must be considered

comprises those with barely sufficient energy to reach the

metal contact. These electrons dominate the device con-

ductance at low frequencies. Their contribution to the

junction conductance is

(1-2csin*c77 - c2cosc~)
g33 = go

(1 - C2)2
(21)

where go is the low-frequency small-signal conductance.

The contribution to the device susceptance is

(
‘TIC

c2sin~c —2CCOS—
2

b33 = go
)

(1- C’)2 “
(22)

The total junction admittance is found from a super-

position of the effects of the three groups of electrons. At

low frequencies, the admittance has only a real part. This

conductance is due to the electrons of group 3 and is the

same result as obtained from the derivative of the 1– V

relationship. The calculation of the derivative is analogous

to evaluating the change in the number of electrons which

cross the basrier when a signal is applied. Since only the

number of electrons in group 3 is modulated, they give the

low-frequency junction conductance.

VI. CALCULATION OF THE SPECTRAL INTENSITIES

In order to calculate the noise temperature of the diode,

the spectral intensities of the current fluctuations due to

each group of electrons must be calculated. The total

spectral intensity is found by summing the contribution of

each electron. It should be noted that the calculation of the

spectral intensity can proceed by considering only two

cases: electrons which can cross the space-charge region

and those which cannot. The electrons of group 3 always

cross the barrier in the absence of an applied signal. Since

the spectral intensity is calculated for the case of an ac

short circuit, groups 2 and 3 may be combined.

The calculation of the spectral intensities follows along

straightforward lines but involves lengthy expressions. The

procedure is as follows: 1) calculate the current which

flows as a function of time for a given initial velocity of an

electron; 2) take the Fourier transform of the current pulse

due to electrons with this initial velocity; 3) calculate the

number of electrons flowing with this velocity; 4) apply

Carson’s theorem [6] using results 1–3 in order to find the

spectral intensity for a particular initial velocity; and 5)

sum over all possible initial velocities in order to find the

total spectral intensity.

The first case which will be considered is for electrons

which reach the metal contact. The time of flight 7F is

found from the equation of motion and is equal to

T-F= l/a arcsin ( ad/uX (0)). (23)

Since the velocity of the electron as a function of time is

known, the current which is flowing is also known [6]. The

Fourier transform of this current pulse is needed in order

to calculate the current spectral intensity and is equal to

– qvx(o)
$= ~w d cosate-’m’dt

—m

cl 1(—(e-’’’+’)”” - l)-‘3; l+C
+&-’’”’-))

(24)

where Cl= qvX(0)/2d.

The spectral intensity due to the electrons which cross

with this initial velocity is found by using Carson’s theo-

rem

ASI,,(~) = 2A~4* (25)

where A is the average number of electrons being emitted

per unit time with a given velocity. The spectral intensity

ASI,, is that due to the electrons in a small velocity

interval centered about OX(0).
A calculation of lambda follows from the dc current. Let

A122(K) be the current flowing in a velocity interval

AuX( K ) as defined by (5). The index K denotes the par-

ticular velocity interval under consideration. The size of

the intervals is chosen in such a way that the final results

of our computer calculations are accurate within one-tenth

of a percent. The quantity lambda is the average rate at

which emissions are occurring. Hence

A(K) = A122/q. (26)

Now that all” of the necessary quantities have been

evaluated, the total spectral intensity S122is calculated by
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summing over all velocity intervals. This yields

2A(K)C: 2
s,,, = ~

{
(1 -Cos(l - c)

K a2 (1+ C)(l - c)

.aTF(K)):-(l-cos(l+c)a.F( K)):

+(1-cos2aTF(K))] (27)

where the index K again refers to a particular small-veloc-

ity interval. It should be kept in mind that 7F( K ) is the

transit time of an electron in the small-velocity interval

under consideration.

Since the case being considered is for the electrons

which are able to cross the junction, the summation should

start at a velocity of Uw and go to irifinity. The value of VW

is found from the minimum kinetic energy required to

cross the barrier of the junction. This is obtained from (4).

In practice, the summation only needs to be carried” out

over a few kT of energy.

The second case, that of electrons which have insuffi-

cient kinetic energy in order to cross the junction, is

considered in the same manner.

Again, the calculation begins by taking the Fourier

transform of a single ‘current pulse. The results of the

previous calculation may be used if it is kept in mind that

7F should be replaced everywhere by r~ (see (15)). The

resulting expression may be simplified, using trigonometric

identities, to the following form:

8C2
#+*=$ (I+coscm). (28)

a (1– c2)2

The calculation of the total spectral intensity S~l, is

similar to the calculation of S122,except that the lirmts of

evaluation need to be changed for this group of electrons.

Electrons at the bottom of the conduction band have only

potential energy and no kinetic energy. Thus, the lower

limit of evaluation is UX(0) = O. Electrons which almost

reach the metal contact, yet fail, have an initial velocity

equal to Uw, as defined by (4).

The total spectral intensity of those electrons which do

not reach the metal contact and then return to the neutral

semiconductor becomes

‘l,l(f ) =~ ‘sl,, = ~

2A(K)C: 8C2

~’ (1- C2)2
(l+cosc?r).

K K

(29)

The spectral intensity of current fluctuations due to the

electrons of group 1 is shown by the dashed curves in Fig.

9. The noise of these electrons which return is zero for zero
frequency, since these electrons carry no dc current. The

spectral intensity is seen to rise initially as ~ 2.

The lower curve is for a bias voltage of five times VT

and the upper curve is for a bias voltage of ten times VT.

This illustrates that the spectral intensity due to electrons

of group 1 is a very slow function of the bias.
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Fig. 9. Spectrafintensities versusfrequency.The lower solid aud dashed
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for V~=10 VT. VT is the thermaf voltage and is equaf to 25.8 mV at
room temperature.

Since all electrons of this group have the same character-

istic time of flight, the spectral intensity shows several

sharp nulls. This would not be the case if the time of flight

took on a distribution of values as in the case of, for

example, a uniform electric field.

The spectral intensity due to the passing electrons, groups

2 and 3, is illustrated in Fig. 9 by the solid curves and is

equal to the shot noise of the dc current at low frequencies.

At frequencies on the order of the reciprocal transit lime,

the spectral intensity falls off steeply. The lower solid

curve is for a bias voltage of five times VT and the upper

curve is for a bias voltage of ten times Vr It is clear that

this component of the spectral intensity is a very strong

function of the applied bias.

For a given frequency of operation, e.g., 12 GHz, it may

now be seen that there are two distinct regimes of oper-

ation. At low bias the noise of the returning electrons is

dominant, while at high bias the noise of the passing

electrons becomes dominant. Furthermore, the higher the

frequency of operation, the higher the bias must be in

order for the passing electrons to dominate the noise.

VII. CALCULATION OF THE NOISE TEMPERATURE

The noise temperature is calculated as a function of

both bias and operating frequency by combining the vari-
ous components of device conductance and spectral inten-

sity as follows:

(30)
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where gJ~C is the total junction conductance from all

groups of electrons and SI,nf~) is the spectral intensity of

current fluctuations due to all groups of electrons.

Consider the case of a junction with nonideality factor

of unity and no parasitic resistances or capacitances. If

only the passing electrons are considered, then the noise

temperature would be equal to half the ambient tempera-

ture. This is the standard result for intermediate frequen-

cies, where the returning electrons may be neglected.

For low-bias operation at high frequencies, the returning

electrons may not be neglected. This group of electrons has

a noise temperature associated with it which is equal to the

ambient temperature. As the bias is increased, the passing

electrons begin to dominate the device behavior, and the

noise temperature again drops to half the ambient temper-

ature.

The description of the junction presented so far has only

been concerned with an ideal exponential junction. In

practice this is not sufficient as the effects of the series

resistance, diode nonideality factor, and reverse saturation

current must also be considered in an actual device.

In most cases, the series resistance is of the greatest

concern. This resistance degrades the performance of the

device in every manner. Due to the series resistance, recti-

fication properties are reduced, matching to the actual

junction becomes difficult, and, in general, the effective

noise temperature of the diode is increased. The series

resistance can be appreciable in microwave diodes due to

the small metal contact area which is used (typically 2 pm

diameter).

At very high bias levels, the series resistance maybe the

source of excess noise. At high frequencies, the effective

series resistance may be greater than that obtained from

1– V measurements due to the skin effect. It is difficult to

accurately model the series resistance for high-bias and

high-frequency operation [7]. In this work, it will be as-

sumed that the series resistance is constant and equal to its

low-frequency value. The intermediate-frequency noise

data which are presented in Fig. 6 clearly show that hot

electron effects in the series resistance of the diode are

absent at the bias currents which were used in our experi-

ments. Consequently, the noise temperature of the series

resistance is equal to the ambient temperature,

The diode nonideality factor was assumed to be equal to

unity in these calculations. For the diode which was mea-

sured this is a reasonable assumption since it was found

experimentally that m =1.09. At worst, this gives an error

of 9 percent in the noise temperature. The nonideality

factor could be taken into account by recalculating the

Schottky-barrier height for each bias point. This would

lead to a different value of the minimum velocity required

for an electron to reach the metal contact.

At very low values of bias (Vd < 5mkT/q), it is im-

portant to include the reverse saturation current in the

device model. If this current is omitted, then the calculated

current for zero applied voltage would be nonzero, and the

noise temperature would not match the ambient tempera-

ture, as it should.
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Fig. 10. Theoretical noise temperatureversusbias voltage.

The results of the theoretical calculations of Tn are

presented in Fig. 10. The curves of Fig. 10 indicate that for

each frequency of operation there is an optimum bias. It is

at this bias that the lowest noise temperature of the diode

will be obtained. The lowest noise temperature which can

be achieved increases with the operating frequency. At

high frequencies, the lowest noise temperature is not much

lower than the ambient temperature.

At low frequencies, with no series resistance, the effec-

tive noise temperature is 295 K at zero bias and drops

sharply to 147.5 K. This is the well-known result for

intermediate frequencies. By including the series resistance

of 10 Q, it can be seen that for high biases the series

resistance dominates over the junction resistance and the

noise temperature again rises to the effective temperature

of the series resistance.

When operated at high frequencies, the noise tempera-

ture does not begin to drop until a higher bias is reached.

This is due to the fact that at low bias the noise and

conductance of the device are dominated by the returning

electrons. At high frequencies, the noise temperature of the

diode remains nearly constant due to the returning elec-

trons. At 97.5 GHz, there is almost no decrease in the

noise temperature.

The rolloff from the ambient temperature towards a
noise temperature of mT/2 occurs when the spectral den-

sity and conductance of the passing electrons dominate.

The bias at which the rolloff beings is a function of

frequency. If there were no series resistance, then the noise

temperature would always reach a value of mT/2, even at

high frequencies.

At 2.2 GHz, the high-bias portion of the curve is seen to

be dominated by the series resistance. It should be recalled

that at low bias the returning electrons cause both the

junction conductance and susceptance to be large com-

pared to their low-frequency values. This allows the series

resistance to play a role even at the lower biases. The series

resistance, in conjunction with the junction susceptance,
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Fig. 11. Circuit transformation which includes the effects of the series
resistance and junction susceptance.

causes the effective conductance at the device terminals to

be increased. The circuit transformation which is made is

indicated in Fig. 11. It is the transformed quantities which

are measured.

VIII. HIGH-FREQUENCY MEASUREMENTS

The noise measurements were performed on a Hughes

silicon diode detector (model 47316 H-1111) using the cir-

culator method of Gasquet et al. [8]. Since four measure-

ments are performed, there are also four quantities which

can be determined. It is possible to determine T., the

system background noise temperature; K oG oB, the

gain-bandwidth product (K is a constant of proportional-
ity); T~uT, the device under test noise temperature; and

11’12, the magnitude of the reflection coefficient squared.

Usually, only the last two quantities are of interest.

Microwave measurements were performed at 2.2, 12,

and 97.5 GHz. The receiver front end used at 97.5 GHz is

shown in Fig. 12. The front ends for use at 2.2 and 12 GHz

were similar but used low-noise amplifiers instead of the

mixer. The down conversion and detection were done

using the setup shown in Fig. 13. This portion of the

circuit was the same for all of the measurements, although

an HP desktop computer was used to record the voltmeter

readings during 97.5-GHz noise measurements. Use of the

computer allows for long averaging times to obtain the

required statistical accuracy.

IX. MEASUREMENT RESULTS AND DISCUSSION

The results of the noise measurements are presented in

Fig. 14. They are seen to be in good agreement with the

theoretical results which were presented earlier.

In equilibrium, the noise temperature of the device is

equal to the ambient temperature for all frequencies. At

2.2 GHz, the noise temperature begins to roll off at five

times VP For a frequency of 12 GHz, the rolloff does not

begin until eight times ~~. There is almost no decrease in

the noise temperature of the diode at 97.5 GHz. This

shows the region where the group of returning electrons is

dominant.

In the rolloff region, the noise temperature is dropping

due to the group of passing electrons. The noise tempera-

ture which is associated with the electrons of groups 2 and

3 is half of the ambient temperature. The lowest noise

temperature which is reached at 2.2 GHz is 180 K. This is

reasonable considering that the value predicted by the

model is 165 K. The theoretical model (m =1) always gives

a noise temperature which is slightly lower than the actual

noise temperature. This is due to the neglect of the diode
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nonideality factor and causes an error of, at most, 9

percent (14 K).

At high bias, the noise temperature rises sharply but

never exceeds the ambient temperature. This indicates that

hot-electron effects and excess noise sources are negligible
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in this current range. The increase in T. is due to the series

resistance.

The measured reflection coefficient as a function of the

bias and frequency of operation is also shown in Fig. 14. It

is seen from these results that transit-time effects also

influence the conductance of the device at high frequen-

cies.

X. CONCLUSIONS

A high-frequency device model of Schottky-barrier di-

odes which takes into account the distribution of electron

velocities has been presented. The initial velocities of elec-

trons from the semiconductor upon entering the junction

space-charge region have been divided into three regimes,

and in each regime the effect of the transit time has been

calculated. In addition, a fourth group of electrons travel-

ing from the metal to the semiconductor and the effects of

the series resistance on the noise spectrum were included

in the calculation.

In order to prove that the final high-frequency results

were due to transit-time effects, it was necessary to show

that the diode behaved in the well-known manner at

intermediate frequencies.

The high-frequency noise measurements were performed

at 2.2, 12, and 97.5 GHz to study the transit-time effects as

a function of frequency. The results of the measurements

are in good agreement with the device model presented.
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