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power levels. Excellent agreement between laboratory
measurements and model predictions has been demon-
strated. The comparisons were made for signal levels up
to where 6 dB of gain compression occurred.
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Surface-Oriented Transferred-Electron Devices

MICHAEL S. SHUR anD LESTER F. EASTMAN, FELLOW, IEEE

Abstract—The application of MESFET technology to the manufactur-
ing of surface-oriented transferred-electron devices (TED’s) with parame-
ters close to GaAs MESFETs is discussed. The limitations related to the
contact resistance, fringing capacitance, domain formation time, impact
ionization, and heat sinking are analyzed for GaAs and InP devices. Our
estimates show that the surface-oriented devices can be used as microwave
LSA generators at higher frequencies than the conventional LSA diodes.
In a domain mode, the surface-oriented TED’s can yield low values of the
power-delay product comparable to those of GaAs MESFET’s at higher
speeds. The analysis of impact ionization within a high-field domain leads
to a conclusion that even InP logic devices with practical lengths of the
active layer can be manufactured with doping densities up to 107cm ™3,
The estimate of the temperature rise indicates that a CW operation is
possible for practical device parameters. Because the parameters of
surface-oriented TED’s are similar to those of GaAs MESFET’s they may
be manufactured using the rapidly developing GaAs integrated-circuit
technology and used in combination with GaAs MESFET’s.

1. INTRODUCTION

HE ADVANTAGES of GaAs MESFET’s compared

to Gunn devices may be partially related to a better
technology and to a planar construction which provides
better heat sinking, This technology now may be applied
to manufacture surface-oriented Gunn devices (gateless
FET’s). Such devices have much in common with planar
Gunn devices which have been extensively studied previ-
ously (see, for example, [1]-{6]) but their parameters, such
as a very high doping density (up to 10""cm~3), the small
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thickness of the active layer (up to 0.15 um), the large
ratio of the active layer length over the thickness, etc., are
close to the parameters of GaAs MESFET’s. The surface-
oriented MESFET’s can be used as millimeter-wave gen-
erators and also as the components of monolithic GaAs
integrated circuits where the combination of transferred-
electron devices (TED’s) and FET’s proved to be espe-
cially effective [7].

In this paper we analyze the limitations of surface-
oriented TED's related to the device physics and technol-
ogy. We first derive the criteria of the LSA operation of
the surface oriented TED’s. It is followed by the estimate
of a minimum switching time and a power-delay product
in the domain mode and by the consideration of the
limitations imposed by the impact ionization within the
high-field domain. This calculation is relevant to the pos-
sible logic application of the devices. Finally, we consider
a heat-sinking problem and derive a simple criterion
which has to be fulfilled for a CW operation of the
surface-oriented TED’s.

II. FREQUENCY LIMITATIONS FOR
SURFACE-ORIENTED GUNN GGENERATORS

Our approach is similar to the one we used in [8] where
we estimated the maximal frequency of generation for
regular TED’s. Our estimates are based on the simplest
equivalent circuit shown in Fig. 1. Here R, is a contact
resistance, R_ is the equivalent negative resistance, and C
is the equivalent capacitance. We calculated R_/R, in

(8]:
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Fig. 1. Simplified equivalent circuit of TED’s.
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where y, is the low-field mobility, E,=V,/L is the bias
field, L is the length of the device, v, is the peak electron
velocity, and E, is the field of the velocity saturation. This
expression is valid when E,>E,, but it could be used as
an extrapolation for smaller values of Ej,.

For regular LSA Gunn generators, C can be estimated
as the geometric capacitance C, of the device. For
surface-oriented LSA TED’s the fringing capacitance C; is
more important;

C=Co+ )]
where
€gehw
0= L

Here ¢,¢ is the permittivity, 4 is the thickness of the active
layer, and w is the transverse dimension of the device.
According to [9]

Ci=1.5¢pew 3)
so that for surface-oriented devices
C;/ Co~1.5L/h>1.
The edge contact resistance
R.~2/(ow) 4

where o is the low-field conductivity.
Using (1)-(4) we can estimate the cutoff frequency for
the circuit shown in Fig. 1 as in [8].

1 2/41=r)'? ( h )1/2 vl 2E}M*
T aac(R_|IR)V? T 322 L

c

(5)
As can be seen from (5), the cutoff frequency generators
are equal to a small fraction of the inverse dielectric
relaxation time. The criterion f<f. where f is the
frequency of generation leads to the following condition:

€eE!? ( L )1/2
q( “0)1/2011/2 k

Et 1/4 Eo 3/4 1
(75_) (E) (1-r)2

o 3w
f 2]/4

(6)

pd2E3/4 €€

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-26, NO. 12, DECEMBER 1978

‘S

£ 1000

w

o

& 100

=

£

¢

= 10

=

3 3

(=]
1 L | {
1014 155 gl g7 18

_7
DOPING DENSITY (cM™”)

Fig. 2. Domain formation time versus doping density for GaAs TED’s.

Dashed line: regular TED’s. Solid lines: surface-oriented TED’s.
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Fig. 3. Domain formation time versus doping density for InP TED’s.
Dashed line: regular TED’s (L =10 um). Solid line: surface-oriented
TED’s.

Assuming e=12.9, p=0.8 m*/V-s, v,=2.10° m/s, E,=3.5
kV/cm, E,=10 kV/cm, E;=10 kV/cm, and r=1/2 for
GaAs, and p=04 m?/V-s, v,-2.5 10° m/s, E~I10
kV/cm, e=124, E,~30 kV/cm, Ey~30 kV/cm, and
r=0.24, for InP, we find for GaAs and InP, respectively,

no(em™3) nf LYY?

e >3 (7) (62)
ne(em—3) af LYV2

Gty > 610 (7) (6b)

These criteria are more stringent than for the regular
TED’s [8]. The physical reason for this difference is a
comparatively large value for the fringing capacitance
which, in turn, is due to the fact that the stray electric
field is not limited to the active area but penetrates into a
substrate where the electrostatic energy is now stored. On
the other hand, the same effect leads to a larger domain
formation time 7; and to a smaller minimal frequency of
the LSA operation:

1
fmin—~ m . (7)
We can estimate 7, as follows [10], [11]:
7=3CpR, (8)
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Fig. 4. Frequency regions of possible LSA operation (dashed) for
regular (L =10 pm) and surface-oriented GaAs TED’s.
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Fig. 5. Frequency regions of possible LSA operation (dashed) for
regular (L =10 pm) and surface-oriented InP TED?s.

where Cj, is the domain capacitance. For surface-oriented
devices [11]

€0
CD: k d (9)
where the first term represents a regular domain capaci-
tance (d is the effective domain width) and the second
term is due to the fringing capacitance. The first term is
negligibly small because we assume that d>>hA. From (8)
and (9) we have

+egeW=eeW

(10)

The dependences 7, versus n, for regular and surface-
oriented TED’s are shown in Figs. 2 and 3 for GaAs and
InP, respectively. We also take into account that 7, cannot
be smaller than the electron energy relaxation time 7,(—2
+3 ps for GaAs and ~1+2 ps for InP), as indicated by
the horizontal solid lines in Figs. 2 and 3. The domain
formation time for regular TED’s was calculated in the
frame of theory developed in [10].
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Fig. 6. Comparison of power-delay products for GaAs MESFET’s and
surface-oriented TED’s. N, is the doping density for MESFET’s.

The frequency regions of the LSA operation for GaAs
and InP are shown in Figs. 4 and 5. For surface-oriented
TED’s the boundaries of the regions are determined by (6)
and (7) and by the the condition f<1/277,. The regions
shown for regular TED’s are for diodes with L=10"3 cm
and W=5.10"2? cm as shown in [8, Fig. 5]. For surface-
oriented TED’s, skin-effect limitations (which are so cru-
cial for regular TED’s) are not important because of the
very small thickness of the active layers. This is why we
could expect to generate higher frequencies using surface-
oriented TED’s. The frequency limits considered above
could be changed if the dielectric passivation layer is used.
It follows from (6) and (8) that both f. and f_, are
proportional to (1+¢,/€)~" where ¢, and e are the dielec-
tric constants of the dielectric layer and GaAs, respec-
tively.

III.

The switching time of the surface-oriented TED’s is
determined by the domain formation time as shown in
(10) and Figs. 2 and 3. The required power

SwITCHING TIME AND POWER-DELAY PRODUCT

3egeE E L*W

Tf

P=qnypE,-h-W-E,L= (11)

We could compare this expression with a similar expres-
sion for GaAs MESFET’s that we derived in [12]:

1/2
Wc% WEs(Z%“IND( Vi— VG)) /

TFET

(12)

Pepr=

Here Ppgp and 7ggp are the power and switching time for
a GaAs MESFET, Vg, is the built-in voltage, V; is the
gate voltage, W, is the gate length, and W is the device
width.

PFETTFET —_ 2172 (E)z( qND( VBi— VG) )1/2

P’rf - 3 L €0€E02

ND 1/2 WG 2
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Here we assumed Ey~4 kV/cm, V5 =0.8 V, and V;=0.
One can see that short surface-oriented TED’s can yield
the low values of the power-delay product comparable to
those for GaAs MESFET’s with a doping density N,—
107 em™3 (see Fig. 6) and a higher speed.

IV. THE IMpPACT IONIZATION WITHIN A
HicH-FieLD DOMAIN

The impact ionization within a high-field domain may
become a problem in long high-doped TED’s when the
domain field E,, exceeds the critical breakdown field E,,
ie.,

where U, is the domain voltage and Uy, is the domain
breakdown voltage such that E,, is equal to E,. As shown
in [13], the domain voltage and the domain field are
related as follows.

_eernzq. (_ng)
Ud_———qno F| — ) (15)

cr
Here n,, is the characteristic electron concentration that
depends on the shape of the electron drift velocity v(E)
and diffusion D(E) versus electric field curves'.
The F versus ny/ n,, dependence is shown in Fig. 7. It is
universal and does not depend on the material parame-

ters. If ny/n, <1,
F(-n—(l):l /2.

n

cr

If ny/n,>1,
(222 2"

n 3 n

cr cr

These two expressions agree with the results of the ana-
lytical theory of the high-field domains developed in [14],
[15].

As shown in [13] for

0.01< 20 <107

cr

we have

(16)
At the threshold ficld the domain voltage Uy is equal to
(17)

where E, is the electron peak velocity field and E, is the
domain sustaining field.

Using (13), (14), (16), and (17) we find that the parame-
ters of a TED must satisfy the following criterion:

1/2
(ﬂ)zo.m + 1.67(%)

cr cr

U,=(E,~E)L

'In [13] we used the approximation of the field-independent diffusion.
One can show, however, that the same result is valid also for the
field-dependent diffusion though in this case the value of n,, has to be
modified.
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Fig. 7. F versus ny/n,, [13]. Solid line: computer calculation. Dashed
lines: analytical approximations valid for small and large ny/n,,
values. Dotted line: analytical approximation valid for 0.01 <ny/n,, <

1000, as in (13).
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Otherwise, the breakdown would occur at the threshold.
The following parameters are typical for high-doped
GaAs and InP, respectively.

e~129 E,—E—23kV/cm
n,—2.9-10%cm=3 E,—150kV/cm

and
e~124 E,—E—93kV/cm

n,—5-10"cm™ E,—180 kV /cm.

As mentioned above the values of n,, are dependent on
the shape of V(E) and D(E) and also on the low-field
mobility. The detailed calculations of n,, for GaAs and
InP will be published elsewhere. The values of n,, given
above are for GaAs with the low-field mobility about
6000 cm?/s and for InP with the low-field mobility about
3100 cm?/V-s. The relatively low values of E, we have
assumed are typical for the breakdown within a traveling
domain where the breakdown field is smaller because of
the accumulation of the electron-hole pairs from cycle to
cycle [16]. We also assumed a higher breakdown field for
InP in spite of a smaller band gap based on the results of
the preliminary measurements of the breakdown voltage
in InP. For the parameters given above, we find from (18)
for GaAs and InP, respectively,
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Fig. 8. Doping-length limitations related to impact ionization within a
high-field domain at the threshold voltage.

(19)

L1017 L1020 \1/2
Lo (um)< 253107 (4.66 102 )

no(cm™3) no(cm ™)

L1017 L1018 \1/2
0.868- 10 +(3.19 10 ) Qo)

ny(cm™3) hy

Equation (19) is similar to the estimate given in [19], but
(20) is different because of the higher breakdown field
assumed. As can be seen from (19) and (20) and Fig. §,
the limitations imposed by the impact ionization are con-
siderably more stringent in InP,

L

pm) <

max(

V. HEAT-SINKING CONSIDERATIONS

Surface-oriented TED geometry is shown in Fig. 9. We
can assume that the heat flow is perpendicular to the
buffer layer and to the substrate. The temperature distrib-
ution 7T(x) is described by the equations of heat conduc-
tion:

d . dT
—K,—— = 21
for the active layer, and
d _dr
K= 0 (22)

for the buffer layer and for the substrate. Here K, =,/ T
and K,=aq,/ T are heat conductivities for the active layer
and the buffer and substrate, respectively, and

Q—gqnov, Ey
is the heat generation density.
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Fig. 9. Surface-oriented TED geometry.

A maximum temperature 7, which is reached at the
surface of the active layer is given by the following
expression [17]:

2
w S+ L8 @)

T o= [ To+ YOh(Lw) }

(@2m)'’K,

Here T, is the ambient temperature, K,, is the heat con-
ductivity of the heat sink, and y is a numerical coefficient
which depends on the L/w ratio (y is about 1 by the
order of magnitude). If Qh*/2a,<1 and Qh4,/a,<1 (the
estimates for typical parameters of MESFET’s and
surface-oriented TED’s show that these unequalities are
fulfilled) and, furthermore, the temperature drop in the
heat sink (see the second term in the parenthesis in (23)) is
small compared to the ambient temperature Ty, (23) can
be simplified:

hA
Tmax—To+ ond, (24)
50
where
K=
50— TO .

Here we have assumed that 4,>h. The temperature in-
crease

AT=T,,.—T,

should be less than the critical value AT,,. That leads to
the following criterion:

(25)

Assuming K 54 W/ m-grad, US:O.85- 10° m/s, and E,
«3.6 kV/cm for GaAs, and K,;»~70 W/m-grad, V,=0.7
-10° m/s, and E,—11 kV/cm for InP, and AT, ~250 K,
we get

E,
—E2 no(cm*)A(cm)A4,(cm) <2.92-10"%(cm ")
4
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for GaAs, and
E
FO no(cm=3)h(cm)A4,(cm) < 1.42-10"%cm ™)
t

for InP. Though these criteria could be met, they are
rather stringent for high-doped devices so that the pulse
operation should be considered.

If the pulse width 7, is larger than the characteristic
time of the temperature rise

A2 pc

T~
s

the thermal equilibrium will be established by the end of
the pulse. Here p is the density and c is the specific heat.
Assuming p~5.37-10° kg/m® and c¢~317 J/kg-grad for
GaAs, we get
7r(s)=3.15-10"8-42( pm).

For short pulses 7, <7, we have
2

ps
In this case, assuming that the temperature increase

T,

max— TO + (26)

should be less than the critical value AT,,, we get [18]
EO ATcrpC
noE 'Tp QUSEt . (27)

For the values of the parameters given above, we find for
GaAs
_3, Eo 10( i —3
ny(cm )f-fp(s)<8.7~10 (cm™s). (28)
1

VL

Our estimates show that the GaAs and InP surface-
oriented TED’s can be used as microwave LSA generators
at higher frequencies than the conventional LSA diodes.
The physical reason is that for very thin active layers the
skin-effect limitations are not important. In a domain
mode, these devices may be used for logic application.
They can yield low values of power-delay products com-
parable to those for GaAs MESFET’s at higher speed. InP
devices have a higher maximum frequency and a smaller
switching time than GaAs devices. The impact ionization
within a high-field domain limits the possible values of the
doping density and active layer length for the logic ap-
plications. But even for InP where this limitation is more
stringent, practical devices can be manufactured with the

CONCLUSION

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-26, NO. 12, DECEMBER 1978

doping density up to 10'” cm ™3, The derived criterion of a
CW operation shows that such an operation is possible for
practical device parameters. Because the parameters of
surface-oriented TED’s are close to those of GaAs
MESFET’s, they may be manufactured using the develop-
ing GaAs integrated-circuit technology and effectively
used in combination with GaAs MESFET’s.
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