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Abstract —Classic work on optimized heterodyne receivers has con-

centrated on the network aspects of mixers with limited emphasis on

device properties. We present experimental results of GaAs Schottky-bar-

ner diode noise measurements in the frequency range from 0.1 to St? GHz

and a detailed analysis of noise generation in these diodes which can

explain the observed current and frequency dependence.

I. INTRODUCTION

w ORK ON low-noise receiver front ends built with

metal–semiconductor junctions has reached a

plateau in recent years because improvements in device

structures and circuit configurations seemed to be ex-

hausted. In previous papers [1]-[6], we reported results

obtained from extensive measurements performed on a

number of GaAs Schottky-barrier diodes. These measure-

ments demonstrated that in most of the diodes the mea-

sured 1 – V and noise characteristics differ from those

predicted by simple expressions based on thermionic emis-

sion and/or tunneling transport mechanisms.

It was also shown that the noise performance achieved

in practical applications is mainly governed by excess

noise, i.e., noise mechanisms which are not caused by

classic shot and thermal noise, The observation of excess

noise at low currents is consistent with a diode model

describing the junction as a cluster of parallel subdiodes

with different barrier heights. The details of this cluster

model are discussed in [1].

In this paper, we discuss the fundamental mechanisms

which affect the nonlinear current –voltage characteristics

and broad-band noise properties of homogeneous GaAs

barrier diodes. After a brief discussion of performed ex-

periments and existing theories of I– V and noise char-

acteristics, it is shown that they do not accurately explain

results from measurements over a wide frequency and

current range. Different sources of the excess diode noise

are discussed, and a more general expression for the diode

noise temperature including these sources is proposed.
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The improved model of the GaAs Schottky diode takes

into account the variation of the diode effective junction

temperature with the bias voltage and such components of

the excess noise as hot-electron noise and frequency-

dependent, trap-like noise in the junction. This nnodel

describes more accurately the observed diode noise proper-

ties over a wide range of currents and frequencies. Its

utilization gives a better agreement between measured and

calculated noise performances of microwave and millime-

ter-wave mixers [29].

Our studies are also applicable to GaAs FET’s and

HEMT’s, where similar mechanisms of noise generation

occur, as discussed by Sah [7], Baechtold [8],

and Maracas [10].

II. EXPERIMENTAL RESULTS

In order to investigate experimentally the

Pinsard [9],

sources of

excess noise, a numbe~ of Gz& diodes fabricated by “both

university laboratories and industry were tested at dlc, at

frequencies from 0.1 to 88 GHz, and at temperatures from

20 to 300 K [1]–[6], [13]. The junctions were electroplated

Pt-GaAs Schottky diodes and single-crystal A1-GaAs de-

‘tices fabricated on vapor-phase epitaxial and I!!BE

material. The epitaxial layers had a thickness of 0.05--0.50

pm and doping concentrations of 1 X 10IG to 2 X 1017cn - 3,

and the junctions had diameters of 1–3 pm.
The low ideality factors at low currents measured at

room temperature for all the diodes used in our investiga-

tions (q< 1.2) prove that the material quality ancl the

anode formation were satisfactorily controlled. This state-

ment is further supported by the fact that the measured

noise properties of the diodes can be rather fully explained

within the model framework presented in this paper.

1 – V characteristics were measured in the temperature

range from 4 to 300 K. The effective junction temperature

d (or the diode ideality factor q = O/T) and diode series

resistance were determined from these measurements as

described in [1] and [30]. A number of millimeter wave and

commercially available microwave diodes were also

measured in an automatic system [26], [28], giving directly

graphs of 1-V, q-1, and R,- I relations, such as that

shown in Fig. 5.
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Fig, 1. Schematic view of the test apparatus for performing noise
measurements at 4 GHz.

A schematic view of the test apparatus for performing

the noise measurements at 4 GHz is shown in Fig. 1. A

similar arrangement with low-noise FET amplifiers at lower

frequencies and a mixer receiver at 17.5 GHz and 88 GHz

were used. A separate low-power measurement of the

reflection coefficients of the diodes was made to determine

the ac differential conductance of the diode. The formula

from which diode noise temperature was calculated is

given in Fig. 1.

III. THE CURRENT-VOLTAGE CHARACTERISTIC

The current-voltage characteristics of an idealized and a

real Schottky diode are shown schematically in Fig. 2. The

real characteristic is given by [11]

1= l~exp {(q(V- IR,)/(kf3)} (1)

where 1, is the saturation current, R, the series resistance,

q the charge of the electron, k the Boltzmann constant,

and 8 the effective junction temperature, which depends

on the physical temperature TO of the junction and the

electron transport mechanism across the barrier. The effec-

tive junction temperatures, or slope parameters, for the

three possible means of electron transport are listed in Fig.

3. In this figure, ND is the doping concentration of the

epilayer, h is the Planck constant over 2 v, ~,cO is the

dielectric constant of the semiconductor, m* is the effec-

tive mass of the electron, and q is the electron charge.

Thermionic emission is dominant at room temperature and

thermionic-field emission at lower temperatures; at 20 K

and below, field emission (tunneling) determines the diode

current. It has been shown [11] that, in this case, tunneling

results in an effective temperature 6’ which is substantially

higher than the physical device temperature. This sets a

limit on the minimum noise temperature which can be

achieved by cooling the diode.
The formulas in Fig. 3. and (1) predict an exponential

current–voltage dependence with 8 independent of current

for all three mechanisms. Measurements show that, in

general, both the slope parameter d and the diode noise

temperature Tn vary in the investigated current range.

Hence, for most diodes (but not all), the effective junction

temperature O (slope parameter) is a function of the diode
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Fig. 2. Current versus voltage characteristics.
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Fig. 3. Electron transport mechanisms through a metaGsenriconductor
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current. Typical results calculated from the slope of the

logl(V) characteristic using

O = (ql/k)(dV,dl) (2)

are shown in Fig. 4 as a function of temperature. At low

temperatures, where the field emission determines the cur-

rent (nearly horizontal lines in Fig. 4), the value of (3

increases with current in a way that is similar to its

increase with epilayer doping (ND). At high temperatures

also, an increase of O with current can be seen, as presented

in Fig. 5, which gives a typical result of the ideality factor’s

n(1) current dependence for a well-behaved diode. This

figure shows that characteristics for n(1) or 6(1) in the

current range where the influence of the series resistance

can be neglected (1 –100 VA for the presented diode) are

well described by the formula [26]

6( I)=eo+e1(I), ()with tll(l) =O1.in ~ . (3)
o

At room temperatures, with 10=1 pA for the majority

of the measured diodes, t90 was 330–375 K and typical

values of tll were 5–15 K for millimeter wave diodes; for

microwave diodes, 60= 300–330 K and 01= 2.5 –4 K. For
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and the Fermi level in the undepleted epilayer (Fig. 3)), it

can be assumed that the d(1) relationship does not change

significantly and the series resistance R, can be de-

termined from the relation

K=:[em(I)-e(I)l. (6)

The determination of R. is shown graphically in Fig. ,5.

Some possible causes for the linear increase of O with

current are:

1) the image force;

2) insulating layer at the ‘metal–semiconductor inter-

face;

3) contribution to the diode current from other trans-

port mechanisms such as diffusion, tunneling, trap-

ping of electrons, and recombination; and

4) distribution of spatial inhomogeneities of the bamier

height discussed in [1].

o 100 200 300 Formulas were derived [11] showing that the existence of
TEMPERATURE (K) an interracial layer at the metal–semiconductor junction,

Fig. 4. The equivalent diode temperature 0 as a function of diode together with the image force, leads to an increase of the
temperature measuredfor N~= 2.1017 and calculated for different N~
(dotted lines). barrier height with the applied forward bias. In (l), this is

equivalent to an increase of O with current [26]. The

relatively low donor concentration in the epilayers of in-
2.0 I I 1 [ I I ,

vestigated diodes indicates that the effects of the image

force can be neglected and that only the other possible
1.8- -

causes listed above can be responsible for the observed

slow increase of 8 with diode current.
I= 1.6- -
\ Consequently, proper values of 6(1) and R, have to be
=

hneas
‘E

inserted into the formulas in section IV for a precise
@ 1.4-- noise-temperature calculation, even in the range of small

currents.
1.2- -
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Fig. 5. Current dependence of the slope of the log 1- V characteristic of
the diode at room temperature.

higher currents, the voltage drop across the sgries resis-

tance R ~ has to be taken into account. The measured value

of the slope parameter 6W(1) becomes

where R. is assumed constant.

The term (ql/k)( 6’~/dl) above is identical to f?, and

(4) becomes

IV. EQUIVALENT NOISE TEMPERATURE OF THE

DC-BIASED DIODE

The equivalent circuit of the Schottky diode is also

presented in Fig. 3. The series resistance R ~ represents the

contacts (R ,C), substrate (R,,), and the undepleted pad of

the epilayer (R.,), i.e., region I in Fig. 3. The junction

resistance R j and the capacitance C] represent the inter-

face mid the depleted part of the epdayer (region II). The

noise generators e, and ij represent the respective noise

sources in these regions. Within the classical model, when

electron temperature is assumed to be equal to the ambient

temperature TO and only thermal noise is taken into account

in region I and shot noise in region II, e: = 4kTOR ,A j and

~~ = 2 qlA f. The equivalent noise temperature of the diode

N then

d~(I)=O(I)+:R,. (5) li,12Rj
2 + les12

As long as the electron temperature remains close to the 1 l+(u~)

device temperature TO,and the bias voltage remains smaller Tn=—
4kAf R,

(7)

than the flat-band voltage Vr ( VF = $~ – V.), where qVn is 2+R,

the distance between the bottom of the conduction band l+(a~)
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Inserting values for Iil 12 and le~l 2, one obtains

R,6/2+ R$TO [1+ (ti7)2]

‘n= R1+R, [l+(@’]

[H]&12
R16/2+ R~TO 1+ ;

.
r /mi “

(8)

In these equations, the bias-dependent junction time con-

stant ~, the junction cutoff frequency tij, and the junction

resistance RJ are defined by the relations

k9 dV.
Rj=z=; .

(9)

(lo)

Let us first discuss the case when the term ( ti/tiJ)2 is

important. This occurs when

(11)

Hence, for low enough bias currents, when R, is very

large, the noise temperature Tn will approach TO even at

quite low frequencies (say 1 GHz). This phenomenon is

shown in Fig. 6 in a curve for a room-temperature diode

which starts out at TO at low bias and then has a minimum

before it goes up again at higher bias levels. For a typical

millimeter-wave diode with, e.g., CO= 8 fF and R, = 8 Q

and for bias currents above a few microampere, this type

of behavior first becomes important when the frequency

approaches 100 GHz [28].
For the typical millimeter-wave diode (see above), the

noise temperature for bias currents above about 10 I-LA

and frequencies below 50 GHz can be approximated using

(8) accordingly

@s
R16/2+ R,TO

0/2+ TOTI

Tn =
RJ+R, = qR,l “

(12)

l+—
k(l

This is the well-known Viola-Mattauch formula [12]. The

first term in the numerator is caused by shot noise, while

the second term is the thermal noise of the series resistance

R,. Equation (12) shows that for small currents the effec-

tive noise temperature becomes Tn = r3/2, and it predicts

that the second term should become dominant at large

forward currents, giving Tn = TO, as illustrated in Fig. 6.

However, a decrease of Tn with increasing current at low

temperatures when TO< 8/2 was never reported. Instead,

the measurements showed a sharp increase of the diode

noise temperature Tn above a critical forward current.

Thus, the total measured noise shown by the dash-dot

curves in Fig. 6 for TO= 300 K and 20 K was always

substantially larger at high currents than the value predict-

ed from (12). The noise-temperature measurements showed

also that the excess noise, mentioned above, is frequency

dependent (Figs. 7-9). In many of the measured diodes,

the excess noise strongly decreases in the frequency range

0.1-10 GHz and around 80 GHz [3]-[6].

We postulate that the excess noise AT. shown in Fig. 6 is

caused by excess fluctuations of the number and velocity

of electrons traversing the diode.

There are two possible mechanisms producing electron

velocity fluctuations in excess of those causing thermal

noise corresponding to the ambient temperature (see Ap-

pendix I). The first is generation of hot electrons. These

hot carriers appear if the high electric field in the unde-

pleted epilayer accelerates the electrons to energies which

exceed significantly the energy corresponding to thermal

equilibrium (lattice temperature) [1], [4], [5], [8], [20]. The

other is local heating of the junction caused by high

current densities [15]. Mechanisms producing fluctuations

of the number of electrons (electron density fluctuations)

in excess of those corresponding to the shot noise (see

Appendix II) are attributed to intervalley scattering; i.e.

the hottest electrons are injected into a different regime of

the conduction band, where they become nearly immobile

because of their higher effective mass [8], [16]. These

mechanisms are also attributed to generation–recombina-

tion and trapping of electrons in the undepleted epilayer

and in the vicinity of the metal–semiconductor interface

[7]-[10].

The total excess noise generated in the undepleted epi-

layer of the diode is due to the contribution of hot elec-

trons (T~), traps (T,,), and intervalley scattering (~U) and

must be included in the noise generator es. Since these

mechanisms are independent, the total excess noise tem-

perature, TE in the undepleted epilayer can be written as

TE=T~+~T+~O–TO (13)

‘E=TO(!’nEn)=T’14)
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with

kn = kn(k) + kn(,u) + kn(t,)

dn = an(h) + dn(tu) + dn(,r) (15)

which are frequency dependent.

The measurements of Mattauch [23] in GaAs n+ nn +

structures yield the following values of 8 parameters:

8,= (4.13/E,~). 10- 2, 82 = 1.68/E~, and S~= 6.61/E~~,

where Eth = 3.2 kV/cm is the threshold field of GaAs.

Taking into account the excess noise sources and the

current dependence of the slope parameter 8(1) discussed

above, a more general expression for the diode noise

temperature is obtained from (7)

1197

R, >> R,, one gets a contribution to the total noise f corn

the interface traps according to

‘d

()

2 kaN~ ~ 1
Tn,,, = — —

2qND VR~ 1+(w7)2 “ 1+(oT)2
(20)

where ~ is the time constant related to the trapping

process and ~ = RjCJ is the current-dependent junction

time constant. For high currents, when QTJ<<1 (1 >>

(ti/@c)(kO/gR,)), eq. (16) for the diode noise temperature
becomes

Tn=TO(l+~knP) (21)
\H /

.—

(16)

In the first term, representing noise generated in the bar-

rier, besides the shot noise, noise from traps at the inter-
and only noise generated in the undepleted epilayer (th er-

face and in the depleted part of the epilayer is included
mal and excess) will be measured.

and the second term is augmented by the excess noise V. DISCUSSION
generated in the undepleted epilayer.

The dependence of the noise temperature upon diode
Fig. 7 shows at low currents (1< 0.1 mA) a linear

current can be determined by replacing Rj and ~ with
increase of Tn with current. As the diode cutoff frequen-

their values given by (10) and (9). If R,C and R~, can be
ties at zero bias are ~CO= 0.7 and 1.9 THz for CTH 188

neglected, R, = R., and (16) becomes
and CTH 562 diodes, respectively, the low-frequency case

.—

(17)

In the low-frequency range (a< UC), R./Rj = qI/~kO

and for very low currents, when all terms multiplied by 1

can be neglected, we obtain, using (3),

(18)

For high currents, 1>> k/qR$8, eq. (17) for the diode

noise temperature becomes

(
dH )2k. Snj

Tn=To l+~k#’ + — —
2qND V2R, “

(19)
n

At high frequencies (w = UC), the current dependence of

the diode noise temperature becomes different, because the

noise from the undepleted epilayer determines the diode

noise temperature not only for high currents but also for

very small currents, when a r >>1, as discussed above.

Therefore, in this frequency range, the diode noise temper-

ature at room temperature may have a minimum, and at

low temperatures a diode noise temperature lower than

13/2 may be measured, as shown in Fig. 6.

The contribution of the trapping noise from the inter-

face decreases with frequency. From (16) and (A6) for

should be considered. The observed increase of Tn is well

explained by the 0(1) relationship given by (3). However,

it should be mentioned that in this current range we found

that at 20 K, 6 values determined from the log 1( V)

characteristic measured at dc were 1.5 –3 times higher than

determined from noise measurements. The largest ratios

between them were observed for diodes with lightly doped

epilayers (see Fig. 12 in [1]). This variation is possibly

caused by deep traps with long time constants or phenc}m-

ena related to the existence of” parallel diodes.”

At higher currents, diode noise temperature is de-

termined by the three excess noise mechanisms, i.e., trap

noise, hot-electron noise, and intervalley scattering noise.

Fig. 8 shows that the noise temperature fitted from this

model is in good agreement with the observed experimen-

tal data. The fitting was made using (21), (13), and (A9).
The amount of frequency-dependent noise (A Z,) was de-

termined by subtracting the high-frequency noise ( Tn =’ Tk

+ ~u, assumed to be a white noise in the considered

frequency range) from the low-frequency noise (T. = TA +

~“ + T,,). Then, r was determined by fitting (A9) to the

measured points by the least-square method for each cur-
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The comparison shows that, within the experimental

error, good agreement is obtained considering only one

time constant ~ = 66 ps. (We can exclude the influence of

,, which decreases strongly with current.) However, aT

number of shallow traps (4.1015 cm – 3), such as measured

by Pinsard [9] and Maracas [10], can possibly account for

the observed noise.

Fig. 9 shows the frequency dependence of the noise

temperature for another diode. Again, a strong decrease of

noise temperature is seen at frequencies below 1 GHz with

an approximately Lorentzian shape given by (A9) and a

time constant on the order of 450 ps.

The high-frequency measurement at 88 GHz shows a

further decrease of the noise temperature. If the Lorentzian

.’05-

[ ~ti’ ‘
3
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200JJA J
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Fig. 9. Noise temperature frequency dependence of CTH 562 diode. —
— noise temperature measured with mixer-receivers (I), with narrow-

band amplifiers with circulators (*), by swept measurements using a
broad-band FET amplifier (.). ---- noise temperature fitted assuming
trap noise to dominate at low frequencies. I frequency corresponding to

time constant T of Lorentziam distributions (see, e.g., (A6)) fitted to the
experimental results.

shape again is assumed, the calculated time constants for

different currents are between 2 and 5 PS. This shows a

reasonable agreement with the upper valley lifetime of

1.8-2 ps in GaAs and allows us to suggest that this

decrease is due to the disappearance of the intervalley

scattering noise according to the model discussed in Ap-

pendix II.

Further measurements of the diode noise temperatur~ in

this frequency range will give a better insight into the

physics of GaAs epilayers and Schottky bamiers (de-

termination of 7C and rtu). In the analysis, other possible

mechanisms affecting noise injection generation must also

be included. In particular, the varying injection regime, the

finite transit time, ballistic phenomena in thin epilayer

structures, and quantum reflection of electrons at the

metal–semiconductor interface may also be of importance.

Sometimes, rapid variations of the slope f3 of the 1-V

diode characteristic, as shown in Fig. 4, and of noise

temperature are observed. They can be modeled as being

due to inhomogeneities on the diode surface and can be
described by the parallel-diode model. In this case, the

diode noise temperature has to be calculated as a sum of

contributions of individual subdiodes. Smaller inho-

mogeneities will enhance some of the dependence de-

scribed above, as was shown in [1].
The various noise mechanisms discussed in this paper

are responsible for the large differences of the noise prop-

erties of millimeter-wave Schottky-barrier diodes. Fig. 10

shows measurements of the equivalent noise temperature

of different diodes at 4 GHz as a function of current

density. The comparison of the various devices shows that

the excess noise can be reduced by a combination of
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proper diode design and fabrication technology, The best

performance at low and medium current densities is

achieved with MBE-fabricated single-crystal A1-GaAs de-

vices (batch A244-A55).

VI. CONCLUSIONS

We can conclude from the reported experiments that the

more general formula for the equivalent noise temperature

of a Schottky diode proposed here is needed to describe

accurately its current and frequency dependence and to

predict the noise performance of microwave and millime-

ter-wave mixers. The proposed more precise measurements

of diode ideality factor n (or slope parameter O) and series

resistance R. are necessary to predict accurately diode

noise temperature.

An excess noise having the frequency characteristics of

classical trap noise can make a significant contribution to

the noise temperature of GaAs Schottky diodes. It can be

reduced by using advanced growth and processing tech-

niques for fabricating the epitaxial layer and metal–semi-

conductor contact. The intervalley scattering noise can be

decreased by operating the junction at relatively low cur-

rent densities or by choosing materials with higher inter-

valley energy gaps [24]. Both intervalley scattering noise

and hot-electron noise [10] will be lowered if materials

with higher electron nobilities at the operating point of

the device can be found.

The reported results also show that, even with available

diodes, mixer performances above 100 GHz can be better

than those predicted from measurements at lower frequen-

cies.

APPENDIX I

THE EXCESS ELECTRON VELOCITY FLUCTUATIONS

The excess electron velocity fluctuations are mainly due

to the excess electron temperature, because Kerr and Held

[15] showed that the local heating of the diode is not large

and cannot explain the observed excess noise temperature.

It has to be taken into account only to determine properly

the diode series resistance. A first-order calculation of the

hot-electron temperature, valid for relatively low electric

fields, when the assumption of the equipartition of elec-

tron energy and their Maxwellian distribution in the unde-

pleted epilayer is still valid, can be made on the basis of

the energy balance equation. Assuming that the contribut-
ions to the diode current from gradients of carrier con-

centration and temperature can be neglected, one has

3/2nk(T~ – TO) = ~CEJ (Al)

where

TO ambient (lattice) temperature,

energy relaxation time of electrons,

} electric field,

J diode current density,

n carrier concentration,

Utilizing the relation J= nqpE, One obtains expressions

similar to those obtained in [8], [16], and [17], i.e.,

Th = TO(l+ 8zkE2) =TO(l+ kzh12) (A2)

with

12T<
62h=~.~.~.qp (A3)

o

12 TC 127-,1
kzh=—–– —=– — —R,,

To 3 k n2q~S2 3 knTo Sd
(A4)
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where S is the diode area, d is the thickness of the

epilayer, and R,. = d/nqpS is the resistance of the epi-

layer. The Monte Carlo simulations [18] -[20] showed,

however, that n = ND, ~,, and p are constant only in a

limited range of electric fields (or currents). In this range,

the measurements of typical diodes give 82k = 0.1 (cm/kV) 2

but to obtain this value from (A3), values of r, and/or p

lower than calculated by the Monte Carlo method for a

corresponding electric field [18] –[20] in bulk GaAs have to

be inserted.

For a more precise evaluation, a numerical calculation

of hot-electron temperatures is needed. Such a calculation

performed for bulk GaAs by Frey [18] showed that due to

the scattering of the hottest electrons to the low-mobility

valley, the electron temperature is limited to approximately

1200 K, as shown in Fig. 7. This dependence can be

described only by a polynomial of the order N higher than

2. It leads to an expression for the hot-electron tempera-

ture more general than (A2) and valid in a much wider

temperature range

( .:ln ‘)=TO(l+iknklnl‘A’)T~=To 1+ ~8~E

APPENDIX H

FLUCTUATIONS OF THE NUMBER OF ELECTRONS

The investigated diodes, even for relatively small cur-

rents for which intervalley scattering was insignificant,

showed a frequency-dependent noise temperature which

was also much higher than the shot noise and the hot

electron temperature predicted in [18]. The observed

frequency dependence is characteristic of the so-called

trapping or generation–recombination noise, often de-

scribed as a modulation noise [21]. If traps are at the

interface or in the depleted layer, the fluctuation of their

occupancy is equivalent to the fluctuation of the barrier

height. If they are in the undepleted epilayer, the fluctua-

tion of diode series resistance can be expected. Noise

generated by these processes has been studied by several

authors [7], [21], [22]. If the time constants r for different

processes are quite different, a binomial distribution of

electrons between the conduction band and a given trap

level can be assumed. Scattering by such traps causes

fluctuations of the number of carriers in the conduction

band whose spectral density S. is approximately equal to

the sum of contributions of different traps. The spectral

density of fluctuations’of the number of carriers caused by

one specific type of trapping mechanism is
T

Sn. = aN#
1+(07)2

(A6)

where N~V is the number of traps, V is the considered

volume, ~~ is the time constant related to this trap, and a

is a constant adjusted to fit the data.

The short-circuit noise current spectral intensity in the

undepleted epilayer is equal to

12
s, = (qti)2sn = ~sn (A7)

where E is the average velocity of electrons and n” V is

their average number, equal to ND. V when the diode

operates in low-injection regime, with ND being the donor

density and V the volume of the undepleted epilayer.

The short-circuit noise current density Si caused by

traps in the space charge region of the Schottky diode is

also proportional to 12 (see Hsu [25]). His formulas,

however, have to be modified if mechanisms other than the

image force are causing the barrier height modulation.

The excess noise temperature caused by traps is calcu-

lated from the relation

Sn
T,, = ~R = Tok2,,12, with k2,, =

4kn2V2To
-R (A8)

where R is equal to R,, in the undepleted region and R]

in the depleted region. This temperature has to be added

to the other noise sources.

For only one t~e of trap in the undepleted epilayer, if ~

is the trap time

becomes

constant in low-injection regime, (A8)

Comparing the contributions to the noise temperature of

the undepleted epilayer from one type of trap and hot-

electron noise from (A2), (A6), and (A8), one gets, with r

as a general trap time constant,

q, 3NT~ 1
——

T~– To= 8ND; I+(@T)2”
(A1O)

The influence of the noise due to traps as compared to

hot-electron noise can be neglected if, by an appropriate

diode technology, their number will be kept low enough to

satisfy the relation

At higher frequencies (u >> l/r), the trap noise disappears

and the two remaining sources of excess noise, i.e., hot-

electron noise and intervalley scattering noise, should

dominate.
The low-mobility valley in GaAs is acting as a trap for

the electrons; therefore, (16) can be applied to calculate

the frequency characteristic of intervalley scattering noise

temperature ZU. It is generally assumed that the lifetime of

electrons in the low-mobility L valley is 1.8 –2 ps. There-

fore, one can expect that for frequencies higher than 80

GHz the intervalley scattering noise should disappear.
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