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ABSTRACT

Lattice matched heterojunction structures have received a great
deal of attention owing to their applications to high speed and opto-
electronic devices. 1In designing devices with ultra small dimensions,
it is necessary to obtain high carrier concentration in a controllable
manner in a very narrow region of the epitaxial structure. Modulation
doped Aleal_xAs/GaAs structures meet this requirment without degrading
the quality of the semiconductor. This is done by doping the larger

bandgap AlkGa xAs layer quite heavily with donors. Electrons associated

1-

with donors in Alea xAs layer transfer to GaAs where they are confined

Tl
in a quantum well about 100 R wide at the heterointerface. Since the

ionized donors are located in the Alea YAs layer, the GaAs layer

1=
having an interface sheet carrier concentration of about lOlzc:tn_2 is
virtually free of ionized carriers. The high field transport parallel
to the interface then becomes similar to pure GaAs crystal with peak
electron velocities of about 2.1 x 107 cm/s and 3.3 x lOZ cm/s at 300
and 77 K respectively. Compared to doped GaAs at comparable levels, these
figures represent substantial improvements.

Field effect transistors with a 1 ym gate length and a 3um
channel length were fabricated and characterized under dc operating
conditions at both 300 and 77 K. A model was also developed to analyze
the device operation and performance. Using this model, the hetero-

junction structures were optimized (Alea xAs doping level and the

l_
donor-electron separation) for high performance field effect transis-
tors. Transconductances of as high as 275 mS/mm and over 400 mS/mm

were obtained at 300 and 77 K respectively. Normal;y-off devices ex-

hibited power gains of over 10 dB at 10 GHz. A simple prediction
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shows that these devices should exhibit switching speeds of about 10
ps and 5 ps at 300 and 77 g>respectively in a digital circuit with
fan out of 1, e.g. ring oscillators. The experimental switching
times obtained in ring oscillators are about 17 and 12 ps at 300

and 77 K respectively which are about a factor 2 away from the

expected performance.
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I, INTRODUCTION

The subject of high speed devices is a rather wide one and
encompasses any device capable of operation above about 1 GHz. Depending
on their use, these devices can be grouped into two categories, analog
and digital devices. In general the analog devices are much faster
than the digital ones and, needless to say, both types have different
applications. This manuscript will be concerned with only the special
high speed field effect transistors that can be best prepared by
molecular beam epitaxy (MBE).

Devices intended for high speed applications need to have very
short transit times between the input and the output. This can be
obtained by choosing a semiconductor or a special structure which
exhibits high carrier velocity and by reducing the distance that the
carriers have to travel. 1In vertical devices e.g. bipolar junction
transistors, the important distance is the base thickness. This means
that the control of the base thickness is extremely important. Thicknesses
below 1000 & and extremely sharp doping profiles are needed and can best
be obtained by molecular beam epitaxy.

Lateral three terminal devices, such as FETs, must have
correspondingly small lateral dimensions. Small lateral dimensions
also require small epitaxial layer thicknesses and larger doping.

The drawback of very high carrier concentrations is that the
electronic properties of the semiconductor degrade with increased
doping. The point should be made very clear that for current con-~
duction one needs electrons (preferred) or holes. In conventional
structures, electrons and donors, and holes and acceptors are present

in the same space. Using the heterojunction concept that can be




engineered by MBE it is possible to separate the electrons needed
for current conduction from donors, minimizing their adverse effects.

Electrons associated with ‘donors placed in the Aleal_xAs
layers of Aleal_xAs/GaAs heterojunction structures transfer to the
GaAs layers. The resulting space charge sets up a strong electric
field (over 105V/cm) at each interface and leads to the formation of
a triangular potential we{l. Aided by the energy band gap discon-
tinuity, the electrons are confined to the heterointerface and are
spatially separated from the donors. This is a very convenient
way of obtaining electron concentrations of over 10]'8cm-3 essentially
in a plane. Since the donors are separated from the electrons, the
electroﬁ transport properties of undoped GaAs are preserved. This
phenomenom is called modulation doping, the FET applications of which
will be the main tcpic of this text.

In this chapter both the theoretical and experimental aspects
of modulation doped field effect transistors (MODFETs) will be de-
scribed. The interface sheet carrier concentration will be calculated
in terms of both the triangular potential barrier, related energy
" levels and the device terminal voltages. Next, the drain saturation

current will be calculated. This will be followed by the develop-

ment of expressions for the transconductance and device capacitances.
Following the device fabrication procedure, experimental and theoretical
results as well as the effects of the dominant structural parameters
will be discussed. Finally the high speed small signal and large 3 A

signal results will be presented.
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_II. MODULATION DOPED FET
II. 1. MATERIALS CONSIDERATIONS
Modulation doped structures consist of single or multiple
periods of doped Aleal_xAs layer(s) and undoped GaAs layer(s).

The electrons transferring from the Alea xAs layer(s) into the

1-
undoped GaAs layer(s) are confined at the heterointerface as pro-
posed by Esaki and Tsu in 1969 (1) and experimentally observed by

Dingle et al in 1978 (2). Beinz spatially separ;ted from the donors,

‘the electrons, even at extremely high concentrations, are not sub-

jected to ionized impurity scattering and thus can exhibit very

high mobilities. This is especially pronounéed at cryogenic tem-
peratures where the ionized impurity scattering would have been
dominant. The absence of iéni;ed impurity scattering changes the
dependence of mobility on lattice temperature in that it increases
steadily as the temperature is decreased. In a perfect hetero-
interface the remaining scattering processes are the Coulombic inter-

action between the donors and electrons and the scattering due to

-. background (in GaAs layers) ionized impurities. The results on

MBE grown GaAs indicate that the total background ionized carrier

concentration is in the high 10]'4'cm-'3

"range which should lower the low
temperature mobility of modulation doped structures below about 50 K.
The lack of such a drop in experimental mobilities is a result of

high mobility electrons screening background ionized impurities very

effectively. The details of such a screening mechanism have been

treated by Price (3).

The Coulombic interaction between the donors and electrons

across the heterointerface has also received a great deal of attention.
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This interaction can be reduced by the incorporation of a thin un-
doped Aleal_xAs spacer layer between the doped Aleal_xAs layer and
the undoped GaAs layer. This concept was first introduced by the
University of "I1linois group (4,5,6) and adapted by every laboratory
involved in this area of research. Using a spacer thickness of about
200 K, electron mobilities of over 106 cmZ/Vs at 4.2K have been
obtained. Later on we will see that devices fabricated from structures
exhibiting extremely high electron mobilities do not necessarily
perform as well as those with thinmer undoped Aleal_xAs layers

and, naturally, lower moSilities. As we will show in the following
sections, the channel conductance of the modﬁlacion doped FETs is

the parameter that should be optimized.

-
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II. 2. STRUCTURAL PARAMETERS

We have so far briefly discussed the multiple period and single
period structures but did not address the question of which one is
better for FETs. Even though the multiple period structures are a
means of producing many parallel paths and thus a large conductance
these structures are not used for devices. This is a result of an
asymmetry between the properties of GaAs grown prior to and after
A}xcal_xAs g;qwth. .:he heterointerface when the GaAs is grown on
Aleal_xAs is not of higﬁ quality which makes the "inverted", and
"multiple period" modulation doped structures unattractive (7,8).

In this text then we will solely consider the normal single period

structures where the doped AlYGa As layer is grown on an unin-

1-x
tentionally doped GaAs buffer layer. It should, however, be remembered
that a thin undoped Aleal_xAs layer still exists at the hetero-
interface.

The band diagram of a normal modulation doped structure is

shown in Fig. 1 where the electrons confined at the interfacial

- triangular potential well have the characteristics of a two dimensional

electron gas (9,10). In addition, higher order subbands formed in
such a narrow CVSOX) quantum well may be populated if the electron

concentration exceeds about high l()]'lt:m-2

. In such a case the
electron mobility decreases, but improvements in the current carrying
capability of the devices more than compensates for this reduction

in mobility.




II. 3. MOBILITY AND VELOCITY .CONSIDERATIONS

In many instances we have talked about electron mobility in
the context of modulation doped FETs. In this section we will
qualitatively relate the device performance to the mobility of
carriers while keeping in mind that the electric fields present in
short channel devices of this kind can be many times those where the
mobility is no longer a constant with electric field. A schematic
representation of such a surface oriented device (FET) having a gate
length of 1 um is shown in Fig. 2. For such short channel devices,
the electric field is high, therefore the carrier velocity is the
determining factor instead of the mobility. This text will treat
the short channel FET with the understanding that the saturation
velocity determines the FET performance. To do such a treatment we
need to know the sheet carrier concentration at the heterointerface
as well as its dependence on the gate voltage that 1s used to control

it.
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III. MODFET MODELLING

ITI. 1. INTERFACE SHEET CARRIER CONCENTRATION

To relate the sheet carrier concentration to energy levels,
we must assume that the potential well at the heterointerface is
triangular and that the electric field is quasi-constant. The

solution of the logitudinal quantized emergy is given by (11)

2 \3 2/3 2/3
E, -(—2-;;;—) (-;— nqao.)_ g (i + 73;)

where Ei is the energy, 50 the electric field at the interface and

i an integer from 0 and up. The other parameters .have their usual

meanings. The energies of the two lowest subbands are thus

: -6, 2/3
Eo 1.83 x 10 50

. -65 2/3
E, =3.23x10 8

80 in V/m

Experimental results should be used to modify the constants to

‘- minimize the adverse effects of the assumption that the electric

field is constant.

The intérface carrier concentration can be related to the sub-
band energies if it is expressed in terms of the electric field. To
do that Poisson's equation must be solved. In the depletion approxi-

mation and assuming no impurities in the GaAs layer (12)

a8
o Gl ge=
WL i R

(1)

(2)

(3)



t where n (x) and El, are the free electron concentration and the

dielectric constant in the small bandgap material respectively.

Integration within the depletion region results in

€, = (4)

where 51 and n,, are the interface electric field and carrier con-

centration respectively. Using equations (2) and (4)

Eo K Yo(nso)Z/3 a5 E1 - Yl(nso)ZI3 ; ()
where Yo and Yl’ are adjustable parameters used to yield a good
agreement with experiments.
Next we must.estaylish a relationship between hso and qV(di+).
EF is taken as the reference energy so that the bottom of the con-
duction band qV(di+) represents the Fermi level (Fig. 3). The
density of states associated with a single quantized energy level

is given by (in m-zeV-l)

| D = 3B (6)
w?$

and the interface carrier concentration can be calculated using the

Fermi Dirac distribution (with a spin degereracy of 2)

e S LT e e ]
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solving the integral (using / —25; =1n (1 + e-x)) yields
1+e
+

r/ v(d) - E WD - B \\]
a, = DkT ln[ 1l + exp ( >>é + exp ( >}

\ KT kT J ®)

which for very low temperatures reduces to

ng, = D(QVdy) - E )

¢))
for an empty second subband or reduces to
=p qu(d) -E | + 20 iqv(dt
so LS k] LUCHIERN (10)
for an occupied second subband. Using the experimental Shubnikov
de Haas results (9) or cyclotron resonance measurements, the factors
fis and Yl can be estimated as
v, = 2.5x 1072 @ n*/3)
- (11)
v, =~ 3.2 x 1072 n*/3)
and from the measured cyclotron mass
B = 3u2h 2 10 @Y (12)

The interface sheet carrier concentration we just calculated must

be provided by the larger bandgap semiconductor. Under equilibrium,
the charge depleted from the larger bandgap material must equal the
interface charge density. A solution is then found such that the

Fermi level is constant across the heterointerface. Since the doping
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level in the Alea -KAS layer is quite large (approaching the

1

density of states), full depletion approximations can not be used
(13). One must then use a charge which is a -function of distance

even with a constant doping. Therefore, the modified Poisson's

eqﬁation is

v
dx €

2

Here, V is the electrostatic voltage and x is the perpendicular
distance away from the heterointerface. The space charge density

p(x) is given by

p(x) = q [N:§x) - n(x)]

where n(x) is the free electron concentration and .

Ny

l+g exp[(]:'.d + qV) /kT]

+
Ng(x) =

. 1s the ionized donor concentration. Here N, is the total donor

d

density, g is the degeneracy factor of the donor level and Ed

is the donor activation energy. On the other hand (14)

qu/kT

n(x) = N
€ 1+ exp (qV/KT)/4

where Nc is the dnesity of states of the conduction band in the

Alea xAs and the Fermi level EF is chosen as the origin of the

1~
energy scale (EF-O).

(13)

(14)

(15)

(16)

| = Y
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Combining equations (13) through (16), we obtain

L
2 ch Nd exp (qV/kT)

[}

5 €2 1+g'exp-qy-

T 1+ exp (qV/kT)/4
kT Th i

N

va_d 1 e
where Nd Nc and g g exp (Ed/kT)

The integration of equation (17) from V (-WZ) to V (0) with respect
to V using the boundary condition 52(-W2) = 0 where 32 is the

electric field in the Alea xAs layer as shown in Fig. 3 and W

1-
is the edge of the depletion region, yields

2

' g' + exp {-qV(0)/kT}
D n
%3 : d g' + exp {-qV(-Wz)/kT}

2kTN
2 c
2o - 2 Ty

4 + exp {aV(0)/KkT}
4 + exp {qV(—Wz)/kT}

+ 41n

The constant V (-WZ) can be found from the space charge neutrality

that exists at x = -WZ, i.e.
('qV(-Wz) )
7 ' exp |—
R, Lt ) L
2 2 3 | qV(-W,) ,qV(-WZ)\
+g = + @iy, ==t Lpg
£ £ S //

The solution of equation (19)_15 g}yen by

N' \/’ Yv 2 Y
d ! = L_é.) + TN
QV(-WZ) = (l - 4_) i (1 4 48 Nd

kT 2g'

Yy = exp

(17)

(18)

(19)

(20)
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As can be seen from Figure 3, V (-WZ) is simply equal to the dif-
ference between the Fermi level and the bottom of the conduction
band edge away from the heterojunction. THis value is shown in
Fig. 4 as a function of the doping density at 300 and 77 K for the
classical Boltzmann statistics or depletion approximation (solid
line) and for the approximate Fermi-Dirac statistics (equation (19)
dotted line). This comparison demomstrates that the deviation from
Boltzmann statistics is quite noticeable even at a relatively low

doping level, Nd = 1017cm-3 and becomes quite substantial at doping

3

densities commonly used (1 - 2 x lOlacm- Mo The equilibrium

] interface density is determined by the interface field as

£
2 SP 1oy
l n_, = -—q 62(0) = -—q Sz(di) (21)

Equation (21) follows from Gauss' law if the doping density in

the GaAs layer is small enough so that the total bulk charge in the

depletion layer of GaAs is much smaller than qn The expression
for 62(0) is given by equation (18) which may be simplified when

the inequality

exp (- LDy 5> 3

(22)
is taken into account, e.g.
ISy f KT
8. (0) =—— !=V(0) + V(-W,)) - — [ln(l +8'y)
2 ) ‘ 2 q 4
+§Tln a +%)]} —_—
d

i
I
!
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Substituting equation (23) into equation (21) yields

I 1
‘/2“"\‘ 3
fgo =¥ g (V(dD +V (W) +6]+ Nydy - Ny,

where -

kT

. - — 1 L X
8 q (In (L +g'y) + Ny In (1+4)

The relationship
Vid) = W(@hos 32 (O)d1

has been incorporated to derive equation (24). The coordinate

x = d; corresponds to the AlYGél_KAs side of the heterointerface.

Equation (24) differs from the depletion approximation case by ¢

in the right hand side which is subtracted from the total band bending

-V(di) + V(-WZ)

-. This contribution to the band bending is shown in Fig. 5 as a function

of the doping density, Nd’ in Alea xAs for 77 and 300 K. As can be

1-
seen from this figure the correction is quite important because it is

comparable Eo AEC.

In order to determine n,» we should solve equation (24) with

equation (8) which expresses n., in terms of the density of states D and

the two lowest energy levels in the potential well in GaAs as described

earlier in equation (5).

(24)

(25)

(26)
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Solving equations (24) and (8) simultaneously using (5}, (25),

(26) and

PR - =
V(di) = E’ AEC + V(di) 27)

i

with numerical techniques yields B0 (dotted lines in Fig. 6).
However, a very accurate analytical approximation can be obtained if
equations (5) and (8) are linearized with respect to V(d;) as reported
earlier (15,16). It should also be pointed out that V(dI) depicts

the difference between the Fermi level (taken as reference) and the
bottom of the conduction band in the GaAs at the heterointerface. It
would be more appropriate to term V(dz) as EFi/q. Repeating equation

with this replacement, we obtain

b ey e N N (R e Y ok
%50 n[ Lol KT \ exp( kT j

With a little modification of equation (28), the linearization we

discussed above can be realized. For large values of n ., we obtain

1 Iy is
3 EFi - AnFo(T) +an_, (29)

where

2

as 0185 £ 20T oen Yy :

and AEFo = () at 300 K and 25 meV at 77 K and below. Equation (28)
leads to the following simple formula for n_o

L
“\_/ztsz TOE_ - AE_ (T)

1 2 2
gy & == - 8+ V(W) [ + N, + ad)

-Nd(d1 + Ad) (30) '




| o -

where

G
Sic

v 80 R (Ref. 15 and 16).
q

Ad =

If one were to use the depletion approximation in the Aleal_xAs
layer, the expression for the interface electron concentration can be

arrived at by setting

4E_ - AEFO(T) =§ =0 in equa;??n (30)

t
n_ -:’\/zeflNd o] + 08 (g + a0)? - Ny, + 2d). (31)
Both at 77 K and 300 K, the depletion approximation underestimates the

voltage term by 50 mV both at 300 K and 77 K, (see Fig. 5). In Fig. 8

the interface carrier concentration is plotted with respect to the

thickness of the undoped interfacial layer. For comparison, experimental

values obtained in our laboratory are also included (17). The large

change in the measured LI with respect to temperature not prodicted

by the thoery is a result of the relatively thick doped Alea _‘As layer.

1
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III. 2. CHARGE CONTROL

We have so far derived the expressions relating n__ to the
parameters of the heterojunction structure. Since our intent 1is to
fabricate and understand the operation of modulation doped FETs, we must
derive the necessary expressions showing how n_. is modulated by the
applied gate bias. A bayd diagram of such a heterojunction with a
Schottky barrier (biased negatively) 1s shown in Fig. 9. As can be
seen there are two depletion regions, one caused by the heterointerface
and another by the Schottky barrier which will be referred to as the

"gate". In the schematic diagram the doped Alea _xAs layer 1is

1

shown-to be depleted entirely. This can be achieved -

by a combination of a sufficiently lafge gate voltage and/or a sufficiently

thin doped Alea ‘As layer.

1-

Using equations (21) and (24), and assuming that the depletion

approximation is accurate enough, we f£ind

= 7
l ~ i ] R ))
- = £ = = =
an_ _6252(0) \/thzxd V(di) + v( wz) + q'Nydy - aN.d, (32)

which can then be used to calculate the electric field strength at the
heterointerface. The same result can be obtained by the use of equation
(23) in the light of depletion approximation.

Since the transport through Alea xAs is not as good as it is

1-

through GaAs, the structure and operational parameters are chose. such

that the Alea -wAS layer is depleted entirely. The electrostatic

1

potential in such a case can be calculated simply by integrating the area
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under the &-field curve. One must, however, remember that the electric

field is constant in the undoped spacer layer. If we assume that the

thickness of the doped Al‘(Ga1

-xAs is dd’ we find

wN;
V2 = -2—6-; dd - 52(0)d (33)

where d = (dd + di) and

- ‘ €
€8,0d]) = €,8,(0) = qn =2 (V, - V) (34)
where
Ny
sz = g dd (35)

is the voltage that is necessary to pinch off the doped Aleal_KAs

layer. Examination of Fig. 9 shows that
V, = ¢ =V +i(E - AE) (36)
2 b G gq Fi G )

Combining equations (34) and (36) leads to
€ 1

2 1,
%o qd [VG - (¢b " vp2 + q EFi 3 q AEc)] - (37)

We must, however, remember that EFi is a function of n_, as well as

the gate voltage as depicted by equation (29). Substituting equation (29)

into equation (37)

-'e—z-[v -.( Vs okal +& 4k (M) + 40 ) 738)
%30 qd L G ¢b P2 q ¢ q Fo so ] :
or

62

B0 q(d +ad) (VG L Voff) (39)
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where
LI TN R (40)
off b q ¢ P2 q  Fo :
and !
€.a
Ad-—i—%SOg (61)

The charge is then given by

€

Qs z qnso D (d + Ad) (VG - voff) (42)

If we were to assume that E,, is not a function of the gate

Fi

voltage, we would not have had the correction term Ad(k803) which

can not be neglected next to dd which is about 300 %. Thus ad gives

an important correction factor and dropping it can lead to overestimation

of LI for a particular VG and thus to overestimation of current or

underestimation of electron velocity.

baed wmnd  beend
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ITI. 3. CURRENT CONTROL

In an FET configuration such as the one shown in Fig. 10,
application of a drain voltage in addition to the gate voltage gives
rise to a potential distribution varying from zero at the source end to
Vb at the drain (see Fig. 10). This potential then leads to an effective
charge control voltage which is different from the applied gate voltage
and is a function of distance under the gate. The potential distribution
shown in Fig. 10 is obtained when the ohmic drop across the source and
&rain resistances are-négl;c:ed. Tater on we will incorporate these
resistance, but for now the expressions and concepts become much simpler
to understand without them.

At a distance x from the source, the effective voltage controlling

the charge is
Vege(®) = Vo - V (%) (43)

where VG and Vc(x) are the external applied gate voltage, and the

channel voltage respectively. Equation (42) must read

)

W) =TT 0 [VG Digeui= voff] | ol

The channel current expression at x is
I = Q(x)2Zv(x) . (45)

where Z denotes the width of the gate and v(x) is the electron velocity
at x. Since the gate dimensions we are concerned with are on the order
of a 1 ym or less one must be concerned with high field effects such

as velocity saturation.
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We know that the eleﬁtron mobility in the 2DEG is comparable to
what is expected of pure GaAs (18). The electron saturation velocity
also was reported to be what one can expect from a pure GaAs crystal
without the degrading effects of ionized impurities. In this treatment
we will use a two piece linear approximation (and’briefly mention the

three piece linear approximation) for the velocity field characteristic

as shown in Fig. 11. Mathematically

v =y for 8 < 6(: F = (46)

and

i for 8 5 6c 47)

At fields less than GC, from equations (44) and (45), we obtain

(= v,
DS + Ad VG . Vc(x) - Voff dx f Gl

where dVC/dx = 8§ is the electric field. As can be seen from Fig. 10,
dav

3;2 is maximum near the drain. For small drain voltages below saturation,

(=%

one can assume that the linear region of the v(§) curve is applicable.

For the case where 8 < 8C, integration of equation (48) with the

use of
Vc(x-O) = RSI (49)
! = I —
vy Vc(x-L) vy - Ryl (50)
where R

s and R.D denote the source and drain parasitic resistances and

VD depicts the external drain voltage, leads to

@ + ad)Ix!

' Y, .= 2-
Vc(x) = VG - V/(VG RSI) 2 dzuz (51)

where

- —
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VC =V, -V . (52)

Differentiation of equation (51) with respect to x results in the

electric field

N

8(x) =

ARy EV

. 2 (d + ad)Ix 1
dx WZ€, -RD" -2 ——J (53)

G s Ezuz

As we increasé the drain voltage, the electric field near the drain

end at x = L will reach the critical value first, called €. of es;

I ' , 20 " 2
6(X)|,;L8c VB2l Ve~ Rersity e (54)

ufzz
@+ sd)L

where

8

and Is is the saturation current. Letting

-1
2

I o0 20
Var =%l =\7 E’G i G
-I—sz_(v'-RI)z-z—Is-.l-v2 =0 (56)
8 G s's 3 ; sl B )
2
I 21
S = we ' 4 LeEl o
( B) Vel EVG R,I) 3] 0 (57)

Solving for IS leads to

then

or

2 =
Bvsl

21
I - Jl+28R V' 4+ (v'/v ) - (1 4 BR V') & (58)
s 1 + (BRsVé)z [- s G G sl s e}
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If RS were to be set to 0, then

2 % Z 1
v l[/l + (VG/Vsl) _J
l-lé Z i 2 2 .
2 . Jove 3
L e VSIL g Vs]'

or

Using

= = fi d
Vsl 8CL and uac vs, one finds

2€2v 2 2 '
be = “Gaimey. {\/ Vg) ™ *+ Vg - vsl]

From equation (51) with R =0 and x = L

\/ 1 L+ ad)!
v (L) = (v(.) T

On the other hand

z
S e _EEEZS__.(Vv V')
s (d + 2d) DS

where VBS denctes the intrinsic drain to source voltage. Using equations

(61) and (63), we find

m o S
Vs = Vo t Vg - V(VRT 4V,

Extrinsic drain to source voltage is then given by

]
& W - P o
Vg =L # 0, '\/(vc) + Vo + TRy + R

(59

(60)

(61)

(63)

(64)

(65)
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III. 4. - TRANSCONDUCTANCE

For short channel devices, Vsl can be small compared to Vé and

thus the expression for Is can be reduced to

I=.—§.zz_vs—_.v'
s d + Ad G

The intrinsic transconductance in the saturation regime is given by
=
gm{max BVG VD' = constant

L}
dIS . dVG 622vs

o =G

= v i 3 ;
dVG dVG (d + ad) av

(Vg = Vogg)

G

- EEZVS
gm|max (d + ad) °

For long channel devices, using equation (59),

3l V!
G
g = S-B

m v
G “ . 2
1+ (VG/Vs 1)

which is the pinch-off voltage of the 2DEG

]
g - is obtained at VG

m|ma Imax

v! = Y = ——-——-——-—-qnso(d 14
Glmax po‘Zd 62 )
Substituting equation (70) into equation (69) we obtain

a7

2

quZnso <§unso(d + Ad))
1+
m{max

g ‘ TR €,9,L

which reduces to equation (68) for small values of L.

(66)

(67)

(68)

(69)

(70)

(71)
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IV. SMALL SIGNAL GATE CAPACITANCE

In order to find the various device capacitances the total charge
under the gate needs to be calculated. In the Shockley approximation the

total charge is given by

Using equation (48), we find

dv € av

g Sz ok c
so dx e d+ad (VG vc) dx

I = Zgun

Integrating both sides of equation (73)

1
L L
(1dx = 2 —GA-I (VY = ¥y dy
] " d¥ad w S e c
o S

which leads to

From equation (73)

dx = unnso

dv I g
c

Substituting equation (76) into equation (72) and using equation (75)

d+Ad G ¢
QT = Z‘[ - dv
L FD A et s B
Vs T arad 3 (Ves) - Gep) ]
- U' = y! ' .yt _ oyt
where . Vés Ve Vg and VGD Ve = Y5

(72)

(73)

(74)

(75)

(76)

(77)

L
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l Then

3 Vl
' O © 2 fD(v'-v)zdv
T d+Ad ! )2—(V' )2 ) G c c
GS GD S
3 3
[} = 1
2 (Ves)™ = (gp)
= 3. CO 2 t 2 (78)
' =
@) =
where
622L
Co .(E;ZZT Uy
L} 1] t
8Qp 2 VesVes * 2 Vop)
[ Crl e R = B NG (80)
GS aVGS 3 o V' + V! )2
GS GD
and similarly the gate-drain capacitance is
1 vy ]
3¢ _ 2 vGD(VGD +2 VGD)
G M= e 220G . (81)
GD avGD S NG IR )2
GS GD

In Fig. 12 and Fig. 13, the normalized capacitances CGS/CO and CGD/Co are
plotted against the normalized drain-to-source voltage Véslvsl using the
'normalized gate voltage V(';S/VSl as the parameter. These capacitance
values are calculated for the region below current saturation. Above
} saturation both capacitances should stay constant at about Co' In

addition, for sufficiently large voltages, e.g. 0.5 V, both CGs and CGD

- nm oy

can be assumed constant having values of about C°/2.

-
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V. DEVICE FABRICATION

Shown in Fig. 14 is the schematic cross-sectional view of a single
interface modulation doped field effect transistor (MODFET). Multiple
interface MODFETs are not going to be covered here because of the

asymmetry in the interface quality of GaAs on Aleal_xAs and Alea xAs on

1_
GaAs (19,20). Inverted modulation doped structures with the binary on top
of the ternary have also been fabricated (7) but their performance is still

inferior because of a lower quality GaAs/Alea _xAs interface (19).

1
Using the normal MODFETS with Aleal_xAs on top of GaAs, the

devices reported here were fabrieated by first etching mesas which pro-

vide isolation of the devices and allows the gate contact pads to be

placed on the Cr-doped semi-insulating substrate. The source and

drain regions are then defined in posiFive photoresist and AuGe/Ni/Au

metallization is evaporated. Following the lift-off process, this

metallization is alloyed at 500°C for 1 minute in a H, ambient. The !

2
gate pattern is then defined with positive photoresist and the top

AsxGal_‘As”layer is thinned by etching, the amount of etching being

dependent on whether a normally-off or a normally-om FET is desired,
and the Al gate metallization is evaporated and lifted-off.

Figure 15 shows a top view of a MODFET having a gate length of
1 um and a source-drain spacing of 3 um. The width of the device is
2 x 145 ym. The source, drain and gate pads are built up to a total
thickness of about 4000 2 to facilitate bonding. The wafer is then
thinned down to about 200 um by polishing the back side. Following an
electroless Pd plating process on the back side, the wafer is

scribed and diced into individual devices. For dc testing the device

e WEE D ey =
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are first die bonded onto TO-18 headers and then wire bonded. For rf
testing, the device is bonded to a microwave carrier and wire bonded

to 502 microstrip lines as shown in Fig. 16.
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V1. COMPARISON OF THE THEORY WITH EXPERIMENTAL RESULTS

To test the accuracy of the model, a normally-off and a normally-on
modulation doped FET fabricated in our lab were selected and characterized.
The low field mobility was obtained from Van der Pauw-Hall measure-
ments of the particular wafer from which the FETs were fabricated. The
gate width is 145 uym and the length is 1 uym. The structure consisted of

a 1 um undoped GaAs buffer layer, a 60 g undoped Aleal_xAs Jlayer and a

-3

600 & n-type Alea xAs layer doped with Si to a level of 1 x 1018 cmi =,

fie
The 600 & dimension was used to allow fabrication of either normally-on or

18 -3

normally-off devices by recessing the gate. For x = 0.3, N, = 1 x 10 cm

d
and di = 60 X, the doped (Al,Ga)As remaining beneath the gate should be
about 250 2 and 350 R thick to obtain normally-off and normally-on
devices'respectively. 0
The calculated and experimental drain saturation currents at
room temperature as a function of the gate voltage are shown in Figures 17
18

and 18. Nd =1 x 10 cm-3, u = 6800 cmZ/Vs and RS = 70 for the normally-on

and 10Q for the normally-off FETs were measured. e ™ 2 x 107 cm/sec

. (18), Fl = ] kV/cm and F2 = 8c = 3.5 kV/cm are used for our calculation

in Figures 17 and 18 (solid line: three piece velocity model; dotted line:
two piece velocity model). The experimental values are marked by the

dots. The measured transconductance of 275 mS/mm for the N-ON device

at 300 K is the highest value ever reported. Even though 10Q is measured
as Rs for the N-OFF-FET, 12Q is used for our model to have the best fit

to the experimental data. A possible explanation for this is given below.
As can be seen from Fig. 17, the agreement between our model and the

experimental data is quite good except near the threshold (This region




=90

is not described well by the model.). The two piece model overestimates
the current predicted by the three piece model by approximately 10-20%.

The IS-V characteristics for the N-~on and N-off FETs are shown in Fig. 19 a)

D
and b). As can be seen from the figure, the agreement between the measurement

and our calculation is very good.

For the N-off FET, the agreement is also good but the value of RS
has to be adjusted to give a best fit. The slightly smaller current
measured at VGS = 0.8 V may be due to the fact that our model becomes
invalid at gate voltage higher than Voff + (Vpo)Zd' The justification
for using RS = 12Q instead of 10Q may be as follows: The fabrication
FET has 1 um spacing between the source and gate. This region can
te thought of as an ungated FET ;ndicating tnat Rs should increase.as
the current increases. This effect should be more pronounced for

N-OFF FET's
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VII. EFFECT OF DONOR-ELECTRON SEPARATION f

From equation (68) it is clear that any reduction in the thickness

of the Alea xAs layer under the gate leads to increaseu transconductances.

1~
This can either be done by increasing the doping in the Aleal_xAs
(thergby reducing the thickness required under the gate) and.'or reducing
the undoped Aleal_xAs spacer layer (21). Reduction of thg spacer layer
thickness also has the added advantage of leading to increased two
dimensional electron concentrations. The resulting increased current
caffy;ﬁg capability leads to a faster charging time of device and
Pgrasitic cap;;itgnces and ghus to higher speeds. High speeds can be
obtained at small volt;ée swings and thus low power consumrcion. This
argument basically leads to the conclusion that the doping level in
tﬁe Aleal_xAs‘layer should be increased as much as possible and that
the spacer layer should be made as small as possible.

The maximum net electron concentration that can be obtained in
Aleal_xAs doped with Si is about 2 x lO18 cm-3 which is smaller than
Sn and Be doping limits possible by MBE. The limit in Si doping is
thought to be a result of the high Si effusion cell temperature required.

Any impurities present in the effusion cell assembly can easily be released

at these high temperatures and incorporated in the growing Aleal_xAs
FiTE., W Si dEptEp ldRde-1n Guls ¥E SbeEE Y x 400 BuC wWhAdw) s )

basically comparable to the aforementioned figure for the Alea ‘As layer.

l-
The use of a Si ribbon heated by passing current thtough it in place of an

effusion cell has tentatively been shown to result in carrier concentra-

9

tions of over lOl cm-3 in GaAs (22).

Even if higher dopiag concentrations were possible, non-tunneling

Loawnied g o~
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Schottky barriers are difficult if not impossible to obtain on Alea

1-x
with a doping level greater than about 2 x lolaém-B}"dhfdh sets ‘the practical

As

limit.

The second parameter, the spacer layer, can be made as thick or as
thin as one desires, meaning that there is no‘ technological limit by the
MBE process, except that a very thin layer may have to be incorporated to
avoid Si diffusion into CGaAs. Depending on the growth temperature,
the required thickness to prevent Si atom diffusion for a conventional
modulation doped FET structure is about 5-10 X. When the spacer
layer is made this thin, the Coulomb interaction between the Si donors
and the 2DEG is stronger which then may lead to a degradation of electron
velocity. The electron velocity in undoped GaAs and doped (1017cm-3)
GaAs layers is 1.8 x 107 cm/s and 2.1 x 107 cm/s respectively. This
means that advantages gained in reducing spacer layer thickness must
be weighed against the degradation in electron velocity. The experi-
mental results obtained in our laboratory indicate that the optimum
thickness is about 30 %.

To investigate the role of the undoped Alxca xAs spacer layer,

1-

a series of MODFET structures were grown and devices were fabricated

(21) as descrited earlier. The doping level in the Alica ‘As was chosen

I
to be about 1018 cm_'3 so that adequate Schottky gates could be obtained.

As the thickness of the spacer layer was decreased from 100 L to

20 R a number of trends were observed. The decrease in the undoped AlYGal_YAs

spacer layer thickness was closely matched by an increase in the doped

Alea xAs thickness needed to accommodate the increased charge transfer.

1_.
As a result, the gate capacitance remained almost constant while the maximum
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saturation current almost doubled. On the other hand, the maximum trans-
conduefaﬁce scaled with current. The drain I-V characteristics of the best
normally o& and normally-off devices are shown in Fig. 20 indicating trans-
conductances of 230.and 250 mS/mm respectively. The best previously
reported values were 193 mS/mm for a normally-off device and 117 mS/mm (23)
for a normally-on device.. The maximum currents obtained are 12-20%
higher than the best previously reported values. Recently optimized
devicés havewghoyn i;proved current carryiﬁg capabiiities ué to fwice
those of the ones reported here. . - ' iy

The transistor characteristics were modeled qsing the equations
derived earlier with the exact dependence of the Fermi level on the gate

voltage accounted for. The saturation velocity was chosen to be 2 x 107 cm/s,

independent of the mobility, on the basis of earlier work on modulation
doped heterostructures (18). The two parameters used to fit the data

were the doped Aleal_xAs layer thickness beneath the gate, dd’ and the

source resistance, Rs'
At 300 K, the mobility of the 2DEG is relatively independent of
di' Therefore we assume that py = 7000 cmZ/Vs and is independent of di'

The transconductance 8y V8- di for a 1 um gate devices is shown in Fig. 21

for the doping levels most commonly used. Nd = 2 x 1019 cm-3 is also

included (theoretical) to show the degree of dependence. It was pointed
out earlier that non-tunneling Schottky barriers cannot be obtained
at these doping levels. The dotted lines are obtained when Boltzmann

statistics are used in the Alea xAs and the solid lines take degeneracy

1~

into account.
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Once the Is vs. Vs characteristic was determined, the trans-
I conductance and gate capacitance were calculated numerically as 8, = Is/VG
] gnd Cg = dQ/dVG. While the values ?btained for the transconductance are
an accurate reflection of the experimental data, the capacitance values
are good only as a first approximation.
Table I lists the source resistances used to model each device
as well as the maximum saturation currents and transconductances. fhe
data represent parameters for the largest leu; of Is for which the
data are accurately fit by the theory. These would be +0.6 V for the
normally-off device and -0.2 V for the normally-on device in Figure 22

which shows the IS Vs. Vb characteristics of the best normally-on

and normally-off devices fabricated. The maximum theoretical values
of the saturation current and transconductance are given in parantheses.

The thicknesses of the undoped Alea _xAs spacer, di’ the doped

1
the equilibrium junction depletion

o

Al _Ga, _As beneath the gate, d

X lex d’

- depth, dj’ and the maximum gate capacitance are given in Table II.

(o]
4 The large discrepancy in the parameter values of the. 20 A N-on FET relative
I to the other N-on devices results from it being only quasi-normally-on.

The gate voltage swing ran from -0.4 V to +0.6. The current and

N

transconductance values for this device are listed in Table II for Vé =0V,

The normally-off device with d, = 20 % is anomalous in that the doped

i
layer is too thin and the source resistance too small to be consistent

——

with the other normally-off devices.

“'—1-——--—‘
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In Table II the gate capacitance is nearly independent of spacer
layer thickness. This is a result of the particular parameters used
rather than beiﬁg a characteristic of MODFETs. The maximum capacitances
tabulated represent an upper limit for devices operating a current
saturation regime. This implies that maximum operating frequencies in

excess of 10 GHz can be obtained.



oy

=35~

VIII. CRYOGENIC TEMPERATURE PERFORMANCE

17
Conventional bulk Gais layers doped to a level of 10 -

higher do not show any appréciable mobility or velocity enhancement when
cooled to 77K. 'Undoped GaAs, however, shows a considerable gnhancement
Qhen cooled to 77K. This is a result of the absence of ionized
impurities. Ironically, one must have ionized donors to obtain free
electrons and thus current carrying capability. Modulation doped
structures as described earlier provide electrons in sufficient numbers
in the GaAs while maintaining its freedom from ionized impurities and,
therefo;e, one would expect mobility-field and velocity-field characteristics
similar to those of pure GaAs.- Pulse measurements between 200 V/cm and
2kV/em and dc measurements below 200 V/cm show that the transport in
modulation doped structures is similar to that in pure GaAs (18). Static
mobility-field and velocity-field characteristics of modulation doped
structures along with undoped GaAs are shown in Figures 23 and 24
respectively,

Based on the above argument the transconductance of a short channel
MODFET, being proportional to the electron velocity, should register an
enhancement scaling with the velocity when cooled to 77R. For this

experiment, the devices with an undoped Alea _xAs layer thickness of

1
20 % were mounted on TO-18 headers and tested at 300K and, by immersing
into IN,, at 77K. The drain 1/V characteristics of a MODFET with a

gate width of 290 um are shown in Fig. 25. For a gate voltage of

+0.6V the transconductance is 225 mS/mm at 300K and 400mS/mm at 77K.

At VG = +0,8V, the 2DEG is entirely depleted and an additional conduction
path through the low quality Aleal_xAs is formed resulting in the

observed decrease in transconductance.
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Using the model -described earlier the drain saturation current
vs. gate voltage was calculated at 300 and 77K and plotted in Fig. 26.
At 300K a source resistance of 44 and a saturation velocity of Z x 107
cm/s were used. Such an excellent match in the entire range of currents

can only be obtained for a specific combination of source resistance and

saturation velocity making the values reported here very reliable. At

7 cm/s. These

77K, Rs decreased to 2.5 and % increased to 3 x 10
results are in extremely good agreement with the predictions based on
pulse measurements.

Also characterized in Fig-. 26 is the best previously reported
MODFET operating at 77 K (Fujitsu Laboratories, Ltd., Ref. 25). The
data, represented as triangles, were taken from the published Fujitsu
drain I-V characteristic. The dotted line {s then calculated to
fit the data. The Fujitsu device had a gate length of 2 mm, a doping

-3

level of N; = 200 1018 cm - in the Alo 363 448 and no undoped spacer

0.7
layer. To model the device at 77 K the reported mobility of 20,000

cmZIVs was used with Rs=3.80 and Mo 3 x 107 cm/s.

In all devices it -is necessary to assume that 257 of the electroms
in the A10.$3Ga0.67As are frozen out at 77K to account for the shift in
the threshold voltage. This figure was initially determined from measure-
ments made on bulk A10.33G‘0.67As doped to 1 x 1018 cm-slwith S§i. when

modelling MODFETs, the thickness of the doped Al As beneath the

0.33%%.67
gate is adjusted to result in a match between experimental and theoretical

drain currents at a given gate voltage. At 300 K a thicikness of 305 pe
was required to fit the data; at 77 K, assuming 25% freeze-out, the
required thickness was 308 L. a consequence of the freeze-out is that

the best parameters for a device intended for operation at cryogenic

temperatures may not be the same as those optimizing the 300 K performance.
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The transconductance of each device is calculated numerically

from the curves in Fig. 26 (gm = BIS/EVG) and plotted in Fig. 27.

\As can be seen, the potential maximum transconductance of our device

at 77 K for a gate voltage of +0.8 V is 450 mS/mm at 77 K, as compared
to a value of 400 mS/mm obtained for the Fujitsu device at 77 K. Cal-
culating the maximum intrinsic transconductance (zero source resistance)

for our device we find 3; = 352 mS/mm at 300 K and 668 mS/mm at 77 K.
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IX. BIGH FREQUENCY PERFORMANCE

For digital applications,” inverters with an odd number of stages can
be fabricated- in" a‘ way-to be connected- in series.’ By bringing a feedback
signal from the last stage to the first ome, an oscillation, the frequency
of which is a function of number of stages as well as the delay time
associated with each device is obtained. In addition, parasitics such
as line capacitances can add to the delay time. An output buffer stage,
active or passive, is used to measure the oscillation frequency with a
fast oscilloscope or a spectrum analyzer. Spectrum analyzers have the
advantage that they can detect very weak signal levels.

The ring oscillators mentioned above have been fabricated and their
performance has been reported (26,27). The best propagation delay time
result obtained so far is 17 ps at 300 K with a power dissipation cof
slightly under 1 mW per gate with a gate length of 0.7 um. At 77 K,
the best performance is 12 ps with a power dissipation of about 10 mW
per gate which must be trimmed down to about 1 mW to make refrigeration
to 77 K practical (see Fig. 28).

High frequency small signal measurements made in our laboratory
indicated a maximum available gain of about 12 dB at 10 GHz which compares
well with published results by other laboratories (23). The noise
measurements on individual devices (23) as well as cascaded three stage

amplifiers have also been performed (28).

W e
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X. SUMMARY

Modulation doped Alea xAs/GaAs field effect transistors (MODFETs)

1-
whose operation is similar but performaqce is superior to Si/SiO2
metal oxide semiconductor field effect transistors (MOSFETs) were described.

A complete nu;erical model and very accurate analytical model with

closed form expressions were develoed and used to predict and improve the
performance. The key aspect of the model is the use of the triangular potential
well approximﬁtion to relate the two dimensional electron concentration

(2DEG) to the subband energies. Using Gauss' law and Poisson's equation,

the 2DEG is also related to the gééé voltagé as well as other hetero-
junction paréﬁeters. The dr;;n current of the MODFET was calculated using

a two piece and also a three piece velocity-field model. From the charge
under the gate the device capacitances were also calculated.

Expressions for the transconductance were derived which in&icate

thét, in terms of charge balance, the 2DEG can effectively be assumed to be
éo 'y away from heterointerface and if this correction is neglected it can
lead to overestimation of current or underestimation of the electron
velocity and also to overestimation of gate capacitance.

Devices with 1 pym gate lengths showed extremely high transconductances
and high current capabilities. Tﬁe transconductances were observed to scale
up with decreasing un&ofed spacer layer thickness. Maximum transconductances
of about 275 mS/mm at 300 K and over 400 mS/mm at 77 K were obtained. By
applying the model developed, the electron saturation velocity has been
estimated to be 2 x 107 cm/s and 3 x 107 cm/s at 300 and 77 K respectively.

Microwave measurement on N-off MODFETs intended for logic

circuit applications showed power gains of about 12 dB at 10 GHz. If
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cooled to 77 K, better gains and very promising noise performance should
be obtained. Ring osillator data indicate switching speeds of about 17
and 12 ps at 300 and 77 K respectively.‘

Finally, improved fabrication techniques should lead to improved
performance as well as applications to functional high speed integrated
circuits, 1In a short time, switching times of i0 ps at 300 K should
Beﬁﬁosaible: While the device itself should be capable of delivering
an intermal switching time of about 5 ps at 77 K, it may take a while
to gptimizé the cichiﬁt& and davice faﬁrfcation to deliver this

expected performance.

-
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XI. APPENDIX A

In this section we will derive the expressions for the interface
electric field and the sheet carrier concentration in the case where the

depletion approximation is assumed applicable. Poisson's equation

states
d2V2 -
—F e = N (A1)
o - €&

where the parameters have their usual meanings and Nz(x) is the donor
concentration in the depletion region of the larger band gap material.
Equation (Al) can be expressed in terms of the electric field. Referring

to Fig. 3, we find

Site e Mg (x)
dx € 27 (A2)
or
d&z(x) q
- "e-; Nd for —W2 <x<0 . (A3)
where Wz is the edge of depletion region. For 0 < x :-di
8, (x)
—=— =0 (a4)
Solving equations (A3) and (A4) and using the boundary conditions that the
electric field is continuous and is zero at x = —Wz, we obtain
; qN& ]
dz(x) = ?2 (x + Wz) for —Wz <x<90 (AS) |
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and

JZ(X) = gqN

dwz for 0 < x < di

These plots are shown in Fig. Al.
Integration of the electric field leads to the electrostatic voltage drop

in the space charge region of the Alea _xAs layer.

1
Starting with

Va=-f&dx

we obtain

d

o qu '-WZ qu
2e P e
V20 f 62 2dx 62 (x + wz) dx
i o

& p - R 2
where V20 v( WZ) V(di)' (See Fig. A2.)

From equation (aA6),

quwz

€

8,ld, =6,@)) = 3

and

€, 2(dy) = aNW, = an__

From equation (A8), the depletion depth can be found as

il

zézv2

0

W+ W d, - 0

.] 2 2°1 7 T

' and thus

‘ 8.7
2 2 20

I W2=-di+ di+——qw'

PRESSSSSSI

(a6)

(A7)

(A8)

(A9)

(a10)

(All)

(A12)
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Using equation (Al0), and A(12), and noting 5,(0) = 52(d;) one finds

1
- 2.2 2 ~
ezaz(di) = - qudi + \/;rNddi + ZEZVZOqu =qn__

This expression is identical to equation (32).

(A13)
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XII. APPENDIX B

ANALYSIS OF CAMEL GATE FETs (CAMFETs)

by

R. E. Thorne, S. L. Su, R. Fischer, V. Kopp,
¥. G. Lyons, P. Miller and H. Morkog

Department of Electrical Engineering and
Coordinated Science Laboratory

University of Illinois
1101 ¥, Springfield, Urbana, IL 61801

ABSTRACT

The performance of camel gate GaAs FETs and its dependence om device
parameters has been described. In particular, the dependence of the
perfg;m:ncc on the doping-thickness product of the p+ layer was examined.
Theoretical calculations indicate that using large p+ doping—thickness
products provides relatively voltage independent transconductances and large
reverse breakdown voltages, both of which are desirable in large signal
applications. Decreasing the p+ doping increases the transconductance, which
is desirable in logic applications., Comparison with performance of fabricated
devices indicates good agreement between theory and experiment over a wide

range of structural parameters. Microwave measurements on CAMFETs have

yielded a gain of 10 dB at 9 GHz.
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Introduction

The principle type of FET used at present for high frequency applications
is the MESFET. This device uses a rectifying metal-semiconductor contact for
modulating the width of the FET channel. Tke na}n virtue of this device 1is
that the submicron dimensions required for high frequency operation are
relatively easy to obtain., MESFETs, however, are beset with several problems.
The metal-semiconductor contact tends to be unstable, particularly at high

o Further, the

operating temperatures, leading to degraded reliability.
barrier height to current cosnduction is difficult to adjust. Schottky
barriers with acceptable characteristics cannot be obtained on some small
bandgap semiconductors such as InGaAs unless a tunneling oxide layer is used

to enhance the barrier beight.30

An alternative to the MESFET is the JFET, which employs a p-n juaction to
modulate the channel. The p-n junction gate allows gate biases of up to +1V
to be applied without appreciable gate conduction. However, these devices are
relatively difficult to fabricate, particularly with the dimensions reqguired
for high frequency operation. In addition, they require that an ohmic contact

be made to a p—~type semiconductor, which cin lead to large gate resistances.

An alternative to the JFET and MESFET has recently been prOposcd.31 The
camel gate FET (CAMFET) uses very thin n* and p+ layers, which together with
the channel form a camel diodc.32to modulate the channel current. Use of the
camel gate provides several advantages, including ease of fabrication, large

barrier heights, and the potential for improved reliability and power handling

capability.
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Previonsly, some preliminary experimental results as well as the
equations describing the camel gate FET have been presented?l Is this paper,
the results of some theoretical calcnlations regarding the operation of the
camel gate FET and their correlations with experimental results will be

discussed.

Iheoreticsl Performsnce

The basic structanre of the camel gate FETs described here is illnstrated
in Figure Bl, and the condnction band edge energy diagram of a homostructnre
device is illustrated in Fignre B2. The structnre consists of an undoped GaAs
or (Al,Ga)As. buffer layer, an n~type GaAs- channel layer, a p+ GaAs or
(A1,Ga)As layer, and an nt GaAs layer. The parameters of the device are
chosen so that the p+ layer is fully depleted in eqnilibrium. 1In the-
subsequent discnssion, the device parameters are denoted as follows: Nd+’ ﬁ.,
and Nd are the dopings of the n+' p+ and channel layers, respectively; t, d,

and ¥ denote the thickness of the pt layer, and the depletion depths into the

n* and chamnel layers; and #p is the barrier height to current condnctionm via

thermionic emission; and V ; and V_ 5 demote positions of the Fermi level

relative to the condnction band edge in the channel and n* layers,

respectively.

In order to understand how a camel gate FET operates, a theoretical
description 1is nseful. The describing equations of the camel gate FET are as

follows, The channel depletion depth W satisfies

o g 4y =0 (81)

where
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q Ny
a= N 1 - 3% (B2)
o (s-3)
Nyt
p.q—zﬂ—(l,,-:l Na (B3)
2 1 N:
2
gN.t
T=V, -v, +V, -5 f(1+52 N (B4)
2 = | 2 s
1 N

+

and q is the electronic charge, =, the dielectric constant of the an and

channel layers, §, the dielectric constant of the p+ layer, and V. is the
forward gate bias. The gate depletion capacitance C‘s, saturated velocity

intrinsic transconductance 8,, barrier height ﬁB,'lnd depletion depth d are

given respectively by

A
€. = BS
gs t (1 :.2. N.)+ '<1 §§> (BS)

a2 Sl TP - 4 =
2 1 N; 1 N;
5, ~ vs? (B6)
A LT e
3 o A 5l R | N;
N WA\2 oN' TN w,\] 2
e (0 W) *on —'(“-ug i
) s & N; s
and
N N
d =t -:- '—:1 (B8)
Ny Ny

where A is the effective gate area, Z the effective gate length, v, the

electron saturation velocity, and AE  the conduction band edge discontinnity

at the p‘—chnnncl layer interface. In the following, the results of
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calculations based on these equations will be presented. The values of the
FET parameters u;od in the calculations were Nd+ =7 x 1018 c-'s. Nd = 2 x
1017 cm™3, and t = 100 &, which are typical of actual devices. Simce the
doping—thickness product of the p+ layer is most important in determining the
performance of the device, the calculations were made for three different

values of the p' layer doping N': 4z 1018, 7 x 1018 snd 1 x 1019 3,  The

p—layer semiconductor was assumed to be GaAs.

Figure B3 shows the barrier height #p a5 a function of gate reverse bias

(i.e., gate negative with respect to the source). The barrier height is very

sensitive to the p* doping level N,, varying from a zero bias value of 1.2 V

for N' = 1 x 109 cn~3 down to 0.3 V for N. =4 3 1018 cm~3. The barrier

height may be increased by increasing the thickness and doping of the p+ layer

+

and decreasing the dopings of the n and channel layers. In theory, the

maximum barrier height possible 1is the semiconductor bandgap, the limit
arising due to tunneling of electrons from the valence band in the ﬁtlnyer to
the conduction band of the a' layer. A larger bandgap material, suchk as
(A1,Ga)As may be used to enhance the barrier height, although this has little

effect on the potential depleting the channel.

An interesting feature of the barrier height in the camel gate FET is
that it has a much stronger dependence on the gate voltage than does that of a
Schottky barrier. Indeed, if the p* layer is 1lightly doped, the barrier
height may be reduced to near zero with the application of a small reverse
bias, leading to heavy gate conduction. By choosing the structural parameters

properly, however, large barrier heights may be maintained for reverse gate

biases in excess of 30 V.
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The dependence of the depletion depth W into the FET channel on gate bias
is illustrated in Figure B4. For comparison purposes, the depletion depth of a
Schottky barrier with a 0.8 V built-in voltage is also 1illustrated. Tke
depletion depth of a camel gate increases more slowly with applied bias than
does that of a Schottky gate. This effect is related to the fact that the
total charge in the depleted regions of the camel gate is fixed, and to the
resulting reduction in barrier height with reverse bias.

Figure B5 gives the relation between d, the depletion depth into the nt

layer, and the gate bias. The decrease in depletion depth with intvreasing
reverse bias is a consequence of charge conservation. The sum of the charges
in the n* and channel depletion layers is equal to the charge in the p+ layer.
Consequently, under reverse bias, an increase in the charge in the channel
depletion layer must be accompanied by a corresponding decrease in that of the

19

at depletion layer. The depletion depth for N. =1x 10 cn's is about 100

. Por Nz = 7 x 108 cn3, surface states will deplete about another 120 R,
so that provided the at layer thl!ckness is less than about 200 £, it will be
fully depleted. As discussed later, this fact can greatly simplify the

fabrication of the FET.

The intrinsic transconductznce, 8y, of a CAMFET operating in the
saturated velocity limit is illustrated im Figure B6. The saturation velocity
was assumed to be 1.4 x 107 cm/s. Again, the corresponding 8, for a MESFET
with a 0.8 V barrier height is also indicated. By choosing a small p+ doping,
N.. a8 large g, can be obtained. Conversely, a large N. yields a small g,.

Note also that for large N.. 8y shows a relatively small variation with gate

bias. Such a device should yield reduced third harmonic distortion and thus

perform well as a linear amplifier.
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The high frequency performance of an FET depends not only on the
transconductance but on the gate capacitance Cgs' which is illustrated in
Figure B7. It is important to note that, for short channel devices, the ratio
ln/C" depends only on gponetricnl factors and material parameters, and not on
the structure of the layers. Consequently, the high frequency performance of

camel gate FETs should be similar to that of MESFETs.

Experimental Performsnce

In order to investigate the properties of CAMFETs, a large number of
devices with a wide range of parameters were fabricated. The layers from
which these devices were fabricated were grown using molecular beam epitaxy on
(100) Cr-doped semi-insulating substrates. The basic structure of the layers
was given in Figure Bl. The dopants used for the channel, p+ ‘and 1t layers
were Si, Be and Sn, with typical layer thicknesses of .2 um, 100 & and 200 R,
respectively. FETs were fabricated from the layers by first etching mesas and
photolithographically defining the source and drain patterns. A AuGe/Ni/An
source and drain metallization was evaporated, lifted off, and alloyed into
the FET channel at 400°C for 1 minute in an H, atmosphere.

2
yielded contacts with specific contact resistivities in the low 10°% a en”2

This procedure

range. The gate patterns were then defined and a Au gate metallization
evaporated and lifted off. Alloying of the gate metal was not necessary
because of the heavy doping of the n* GaAs layer. That the contacts were
ohmic was verified experimentally, with good contacts being obtained for at
dopings as low as 4 x 1018 ca=3. The completed devices had a 3 um source

drain spacing, a 1 pm gate length, and a 145 pm gate width.




-52-

It is important to note that, other than the mesa etch, no etching is
required in the fabrication of the CAMFET. In particular, etching of the at*
and p+ layers is not necessary bocanso; as described earlier, for sufficiently

+

thin =n layers, both the at and p+ layers are fully depleted and thus camnot

contribute to conduction between the gate and source and drainm.

As mentioned in the theory section, the doping-thickness product of the
p+ layer is most important in determining the properties of the camel gate.
Thus several layers were grown with varying p+ dopings and with the rest of
the parameters similar. The parameters chosen were nominally Nd+ =6 x 1018
cn3, Ny=38x 1016 - 2 x 1017a;and t = 100 &, and the n* layer thickness was

200 &. The p+ doping was varied between § x 1017 ca™3 and 2 x 1019 em3.

Figure BS shows the drain I-V characteristic of a CAMFET with N‘ = 3.5 x
1018 cu™3 and Ny =82z 1016 em™3, while Figure B9 shows the characteristic of a
device with Ni =6 x 1018 and Nd = 1.5 x 1017 cn~3. Both devices had
A10.3G'0.7A’ p+ layers. The transconductance of the device with the more
heavily-doped ;Llayct is smaller and varies less with gate bias than that of
the more lightly doped device. This performance is consistent with the general

trend that heavier p* doping leads to smaller, more uniform transconductances.

These experimental results also agree with the theory.

Figures B10 and Bll give both the experimental and theoretical
capacitance-voltage characteristics for FATFETs fabricated on the same wafers
as the devices in FiguresP8 and B9, respectively, as well as experimental
characteristics for Schottky-barrier FATFETs with comparable channel dopings
and identical geometries. The capacitance of the FATFET of Figure B10, which
has the more 1lightly doped p* layer, is quite comparable with that of the

MESFET. The transconductances, forward gate—source I-V characteristics and
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source resistances were also very similar. These results are consistent with
the CANFET’s theoretical zero bias barrier height of 0.85 V. In contrast, the
capacitance as well as transconductance of the cumel FATFET with the more
heavily doped p+-layer is smaller thar that of the MESFET. The theoretical
zero bias barrier height of this device was 1.35 V. Note the excellent

agreement between theoretical and experimental capacitances in both figures.

The reverse gate—drain breakdown voltage was very sensitive to p* doping.
For heavy p+ dopings, as in the device of Figure B9, breakdown voltages of up
to 30 V were obtained, compared with 10 V for MESFETs of similar geometry
fabricated in our laboratory. Assuming a uniform chanmel field, for the given
device geQnetry a 30 V breakdown voltage corresponds to a channel field of 300

kV/cm. This value is comparable to the breakdown voltage of bulk GaAs. 1In

addition, the breakdown of the devices with heavily doped p+ layers is very

abrupt, <characteristic of avalanche breakdown. As the 'p+ doping was
decreased, the breakdown voltage also decreased. For example, the device with
a p+ doping of 5 x 1017 cn-s had a breakdown voltage of only 6 V. Further,
breakdown of the more lightly doped devices tended to be quite "soft”. These
results again agree well with the theory, which predicts that for large p+
dopings, appreciable barrier heights should be maintained even under 1large
reverse bias, In this case, avalanching due to excessive fields should be the
breakdown mechanism. 0; the other hand, smaller p+ dopings should result in
the barrier becoming very small at relatively small reverse gate biases. This
barrier lowering gives rise to the curreant conduction at breakdown and the

soft breakdown characteristics.

The implications of the experimental results presented above are that for

power FETs, for which cOnS{anttranscondnctanccs,lat;c barrier heights, and




-54—

large breakdown voltages are desirable, the p+ layer should be heavily doped.
For logic applications, the speed is related to ‘m/cgs' Because parasitics

can dominate the C‘, term, a large g, and thus a smaller p+ doping is

indicated. Logic applications may also require larger barrier heights for
compatibility with other circuits, and these may be obtained as well, although

at the cost of reduced 5y

Although larger p+ doping~thickness products give larger barrier Feights

and more uniform 85, eventually a product is reached for which the p+ layer is
no longer fully depleted. This results in shorting of the gate to the source

* and p+ layers, which can be done

and drain and necessitates etching of the n
by using the gate metal as a mask. The gate in this case consists of back-
to-back diodes. Nevertheless, devices with good characteristics can still be

obtained, as indicated in Figure Bl2.

In ndd}tion to varying the p+ layer doping, the at layer thickness was
varied to dctcr;inc the maximum thiskncss that would still be fully depleted.
For a p* doping of 6 x 1018 ca™3 this thickness was found to be about 600 K.
Calculation of the depletion by the surface potential nid by the p+ layer,
assuming a surface potential of 0.7 V and uniform doping profiles indicated an
at layer thickness of only 200%. The reason for the difference between these
two values is not completely understood at this time, but may be due to
sarface segregation of the Sn in the ot lnycr}3 This sn;fncc segregation

could result in a nonuniform doping profile and thus im a 1larger depleted

thickness than for a uniform profile.

An important factor in determining the commercial viability of the CAMFET
is the ability to obtain the required conmtrol over layer dopings and

thicknesses. For many applications, very uniform, controllable FET
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characteristics over a large area are required. Clearly, the blessing of easy
variation in CAMFET parameters with the p+ layer doping-thickness product can
become a curse if the dopings and thicknesses cannot be adequately controlled.
Although 2 detailed analysis has not been performed, experimental results for
MBE grown layers indicate the required doping profiles and in particular, p+
layer charge, are obtained. And with current MBE technology, which employs
rotating substrate holders, the uniformity requirements should be easily

satisfied, making CANFETs competitive with Schottky barrier FETs.

As a final note, microwave measurements on CAMFETs have been made.

Figure B13 shows the maximum available gain (MAG) versus frequency
characteristic for a device similar to that shown in Figure B8. The gain is

approximately 10 dB at 9 GHz, and the cutoff frequency is about 30 GHz.

Conclusions

Based on the preceding discussion, camel gate FETs appear to have several
virtues. Principle among these is the wide range of FET characteristics which
may be obtained by varying the gate layer dopings and thicknesses. For given
n* and channel layer dopings, a large p+ doping~thickness product yields large
gate-drain breakdown voltages and 2 relatively voltage independent

transconductance, both of which are desirable in large signal applications.

By using 2 small p+ doping, larger transconductances, desirable in 1logic

pu—

applications, may be obtained. Together with their ease of fabrication and
potential for improved reliability, the advantages of camel gates should in

future prove useful in a wide variety of applicationms.

' iii. Fi.". w‘

iN 2 o el =




-56-

X111 PUBLICATIONS UNDER THIS CONTRACT

Book Chapters:

H. Morkog, '"Modulation Doped Al G As/GaAs Heterostructures,’” in The Technology

and Physics of Molecular Beam Eéitéﬁ}, Eds. E. H. C. Parker and M. G. Dowsett,
Plenum, NY (1983).

H. Morkog, '"Modulation Doped Al Ga. As/GaAs Field Effect Transistors (MODFETs),"

Analysis, Fabrication and PerfoghanEg, Martinus Nijhoff Publishers, The
Netherlands, 1983 (Based on a lecture given at NATO AdvancedSchool on MBE
and Heterostructures, March 749, 1983,

Publications:

C.M. Stanchak, H. Morkog, L.C. Witkowski and T.J. Drummond, "Automatic Shutter
Controller for Molecular Beam Epitaxy," Rev. Sci. Instrum., Vol. 52, pp. 105-
109, 1981.

T.J. Drummond, H. Morkog and A.Y. Cho, "Dependence of Electron Mobility on the
Separation of Electrons and Donors in AlxGa]-xAs/GaAs Heterostructures," J.
Appl. Phys., Vol. 52, pp. 1380-1386, 1981.

M. Keever, H. Schichijo, K. Hess, S. Banarjee, L.C. Witkowski, H. Morkog and
B.G. Streetman, '"Measurements of Hot Electron Conduction and Real Space Trans-
fer in GaAs-AlxGaj-xAs Heterojunction Layers,' Appl Phys. Lett., Vol. 38,

pp. 36-38, <1981.

M. Keever, T.J. Drummond, K. Hess, H. Morkog and B.G. Streetman, ''Time Depen-
dence of the Current at High Electric Fields in AlxGa}-xAs/GaAs Heterojunction
Layers,” Electron. Lett., Vol. 17, pp. 93-94, 1981.

L.C. Witkowski, T.J. Drummond, S.A. Barnett, H. Morkog, A.Y. Cho and J.E.
Greene, ""High Mobility GaAs/AlxGa)-xAs Single Period Modulation Doped Hetero-
junctions," Electron. Lett., Vol. 17, pp. 126-127, 1981

M. Omori, T.J. Drummond and H. Morkog, "Low Noise GaAs Field Effect Transistors
Prepared by Molecular Beam Epitaxy," Appl. Phys. Lett., Vol. 39, pp. 566-569,
1981.

T.J. Drummond, H. Morkog, K. Hess and A.Y. Cho, "Experimental and Theoretical
Electron Mobility of Modulation Doped AlxGaj_yxAs/GaAs Heterostructures Grown
by Molecular Beam Epitaxy," J. Appl. Phys., Vol. 52, pp. 5231-5234, 1981.

H. Beneking, A.Y. Cho, J.J.M. Dekkers and H. Morkog, 'Buried Channel MESFETs
on MBE Material: Scattering Parameters and Intermodulation Signal Distortion,’
1EEE Trans. on Electron. Dev., Vol. ED~29, pp. 811-814 (1982).

i NS e e




— it sl i e e [ S - — (- e e — [ B

]

5=

T.J. Drumnmond, W. Kopp, H. Morkog, K. lless, A.Y. Cho and B.G. Streetnan,
"Effect of Background Doping on Mobility of (Al,Ga)As/GaAs Heterojunctions,"
J. Appl. Phvs., Vol. 52, pp. 5689-5690, 1981.

T.J. Drummond, H. Morkog¢ and A.Y. Cho, "MBE Growth of (Al,Ga)As/GaAs Hetero-
structures," J. Crystal Growth, Vol. 56, pp. 449-454, 1982.

N. Holonyak, Jr., W.D. Laiding, M. Camras, H. Morkog, T.J. Drummond and K. Hess,
"Clustering and Phonon Effects in Alxy Gaj-yxAs-GaAs Quantum Well Heterodstructure
lasers Grown by Molecular Beam Epitaxy,'" Solid State Commun., Vol. 40, pp. 71-
74, 1981.

T.J. Drummond, W. Kopp and H. Morkog, "Three Period (Al,Ga)As/GaAs Heterostruc-
tures with Extremely High Mobilities," Electron. Lett., Vol. 17, pp. 442-444,
1981.

T.J. Drummond, M. Keever, W. Kopp, H. Morkog, K. Hess, A.Y. Cho and B.G.
Streetman, '"Field Dependence of Mobility in AlQ,2GaQ,8As/Gads Heterojunctions
at Very Low Fields," Electron. Lett., Vol. 17, pp. 545-547, 1981.

T.J. Drummond, W. Kopp, M. Keever, H. Morkog¢ and A.Y. Cho, "Electron Mobility
in Single and Multiple Period Modulation Doped (Al,Ga)As/GaAs Heterostructures,'
J. of Appl. Phys., Vol. 53, pp. 1023-1027, 1982.

M. Keever, T.J. Drummond, H. Morkog, K. Hess and B.G. Streetman and M. Ludowise,
"Hall Effect and Mobility in Heterojunction Lavers," J. of Appl. Phys., Vol. 33,
pp. 1034-1036, 1982.

N. Holonyak, Jr., W. Laidig, M. Camras, H. Morkog, T.J. Drummond, K. Hess
and M.S. Burroughs, 'Clustering in MBE AlyGaj_yAs-Gads Quantum Well Hetero-
junction Lasers," J. Appl. Phys., Vol. 52, pp. 7201-7207, 1981.

H. Morkog, "Current Transport in Modulation Doped (Al,Ga)As/GaAs Heterostruc- .
tures: Applications to High Speed FETs,'" I1EEE Electron. Dev. Lett., Vol. EDL-2,
pp. 260-261, 1981.

T.J. Drummond, W. Kopp, R. Fischer and H. Morkog, "Influence of AlAs Mole
Fraction on the Mobility of (Al,Ga)As/GaAs Heterostructures,'" J. Appl. Phys.,
Vol. 53, pp. 1028-1029, 1982.

M. Keever, T.J. Drummond, H. Morkog, K. Hess and B.G. Streetman, '"High Field
Transport in GaAs-AlxGaj].yAs Heterojunction Layers," IEEE-Device Research Conf.,
Santa Barbara, 1981 and IEEE Trans. on Electron. Dev., Vol. ED-28, o. 1233, 1981.

H. Morkog, T.J. Drummond and M. Cmori, "GaAs MESFETs by Molecular Beam Epitaxy,"
IEEE Trans. on Electron. Dev., Vol. ED-29, pp. 222-225, 1982,

H. Morkog, T.J. Drummond, W. Kopp and R. Fischer, "Influence of Substrate
Temperature on the Morphology of AlyGaj.xAs Grown by Molecular Beam Epitaxy,"
J. Electrochem. Soc., Vol. 129, pp. 824-826, 1982.




-58- ‘

M. Keever, W. Kopp, T.J. Drummond, H. Morkog¢ and K. Hess, ''Current Transport ‘
in Modulation Doped AlyxGal-xAs/GaAs Heterojunction Structures at Moderate
Field Strengths,” Jpn. J. Appl. Phys., Vol., 21, pp. 1489-1495 (1982). l

T.J. Drummond, R. Fischer, H. Morkog¢ and P. Miller, "Influence of Substrate
Temperature on the Mobility of Modulation Doped AlyGal-xAs/GaAs Heterojunctions
Grown by MBE," Appl. Phys. Lett., Vol. 40, pp. 430-432, 1982. l

H. Morkog¢, T.J. Drummond and R. Fischer, "Interfacial Properties of (Al,Ga)As/
GaAs Structures: Effects of Substrate Temperature During Growth by MBE," J. Appl.
Phys., Vol. 53, pp. 1030-1033, 1982.

H. Morkog¢, T.J. Drummond, R. Fischer and A.Y. Cho, '"Moderate Mobility
Enhancement in Single Period AlyGa]-xAs/GaAs Heterojunctions with GaAs
on Top," J. Appl. Phys., Vol. 53, pP. 3321-3323, 1982.

K.Y. Cheng, A.Y. Cho, T.J. Drummond and H. Morkog, '""'Electron Mobilities
in Modulation Doped GagQ,47Ing,.53A58/Alg,.481Ing, 52As Heterojunctions Grown
by Molecular Beam Epitaxy,' Appl. Phys. lett., Vol. 40, pp. 147-149, 1982.

T.J. Drummond, W. Kopp, R. Fischer, H. Morkog, R.E. Thorne and A.Y. Cho,
"Photoconductivity Effects in Extremely High Mobility Modulation Doped
(Al,Ga)As/GaAs Heterostructures," J. Appl. Phys., Vol. 53, pp. 1238-1240,
1982.

T.J. Drummond, H. Morko¢, S.L. Su, R. Fischer and A.Y. Cho, "Enhanced
Mobility in Inverted Aly,Ga]-xAs/GaAs Heterojunctions: Binary on Top of
Ternary,' Electron. Lett., Vol. 17, pp. 870-871, 1981.

H. Morko¢, T.J. Drummond, R.E. Thorne and W. Kopp, 'Mobility Enhancement

in Inverted AlyGa]._xAs/GaAs Modulation Doped Structures and Its Dependence

on Donor-Electron Separation,'" Jpn. J. of Appl. Phys., Vol. 20, No. 12,

pp. L913-916, 1981. {

T.J. Drummond, M. Keever and H. Morkog¢, ''Comparison of Single and Multiple
Period Modulation Doped AlxGa]-xAs/GaAs Heterostructures for FETs," Jpn.
J. Appl. Phys. Lett., Vol. 21, pp. 165-167, 1982.

T.J. Drummond, H. Morkog, K.Y. Cheng and A.Y. Cho, ''Current Transport in
] Modulation Doped GaQ,47Ing,53As/Asg,.48Ing, 5248 Heterojunctions at Moderate
Fields,'" J. Appl. Phys., Vol. 53, pp. 3654-3657 (1982).

H. Morkog, T.J. Drummond, M. Camras and N. Holonyak, Jr., "Short Wave-
length Continuous 300 K Photopumped AlyGaj.-xAs-GaAs Quantum Well Hetero-
junction Laser (A2 7,270 A)," Appl. Phys. lLett., Vol. 40, pp. 18-19, 1982,

M.N. Afsar, K.J. Button, A.Y. Cho and H. Morko¢, "Ultimate Method for
Unambiguous Identification of All Donors in Epitaxial GaAs and Related
Compounds, '’ International Journal of Infrared and Millimeter Waves, Vol.
2, pp. 1113-1121, 1981.

— ey ey e




e amey S

.

L [nomng m—) R (—, —— S——

—_59-

H. Moriwsg, N. Holonyak, Jr., T.J. Drummond, M.D. Camras and R. Fischer,
"AlxGaj_yAS/GaAs Quantum Well Lasers Grown by Molecular Beam Epitaxy,"
Proceedings of the Society of Photo-Optical Instrumentation-Engineers;

Semiconductor Growth Technology, Vol. 323, pp. 13-16 (1982).

M.V. McLevide, H.T. Yuan, W.M. Duncan, V.R. Frensley, F.H. Doerbeck,

H. Morkog¢ and T.J. Drummond, "GaAs/AlGaAs Heterojunction Bipolar Tran-
sistors for Integrated Cilrcult Applications,'" IEEE Electron. Dev., Vol.
ECL-3, pp. 43-46, 1982.

W. Kopp, H. Morkog, T.J. Drummond and S.L. Su, '"Characteristics of Submicron
Gate GaAs FETs with AlQ,3GaQ,7As Buffers: Effects of Interface Quality,"
IEEE Electron. Dev. Lett., Vol. EDL-3, pp. 46-48, 1982.

H. Morkog, W. Kopp, T.J. Drummond, S.L. Su and R.E. Thorne, "Submicron
Gate GaAs/AlQ,3Gag,7As MESFETs with Extremely Sharp Interfaces (40 X)," IEEE
Trans. on Electron. Dev.,, Vol. ED-29, pp. 1013-1018 (1982).

W. Kopp, T.J. Drummond, T. Wang, H. Morkog and S.L. Su, "A Novel Camel Diode
Gate GaAs FET,'" IEEE Electron. Dev. Lett.,Vol. EDL-3, pp. 86-88, 1982.

P.D. Coleman, J. Freeman, H. Morkog¢, K. Hess, B.G. Streetman and M. Keever,
"Demonstration of a New Oscillator Principle in Heterojunctions,” Appl. Phys.
Lett., Vol. 40, pp. 493-495, 1982.

T.S. Low, G.E. Stillman, A.Y. Cho, H. Morko¢ and A.R. Calawa, "Spectroscopy of
Donors in High Purity MBE GaAs,' Appl. Phys. Lett., Vol. 40, pp. 611-613, 1982.

R. Dingle, C. Weisbuch, H.L. Stormer, H. Morko¢ and A.Y. Cho, ''Characteriration
of High Purity GaAs Grown by Molecular Beam Epitaxy,” Appl. Phys. Lett., Vol.
40, pp. 507-510, 1982.

T.J. Drummond, R. Fischer, P. Miller, H. Morkog¢ and A.Y. Cho, "Influence of
Substrate Temperature on Electron Mobility in Normal and Inverted Single Period
Modulation Doped AlxGa]-xAs/GaAs Structures,' J. Vacuum. Science and Technol.,
vol. 21 (2), pp. 684-688 (1982).

T.J. Drummond, T. Wang, W. Kopp, H. Morkog, R.E. Thorne and S.L. Su, "A Novel
Normally-Off Camel Diode Gate GaAs Field Effect Tranmsistor,'" Appl. Phys. Lett.,
Vol. 40, pp. 834-836, 1982.

. T.J. Drummond, W. Kopp, R.E. Thorne, R. Fischer aud H. Morkog, "Influence of

Al,Gaj_yAs Buffer Layers on the Performance of Modulation Doped Field Effect
Transistors,'" Appl. Phys. Lett., Vol. 40, 879-881 (1982).

R.E. Thorne, S.L. Su, W. Kopp, R. Fischer, T.J. Drummond and H. Morkog, "Normally-
On and Normally-Off Camel Diode Gate GaAs FETs for Large Scale Integration,” J.
Appl. Phys., Vol. 53, pp. 5951-5958 (1982).



e -

—60-

H. Morkog, "A Short Channel Gads FET Fabricated Like a MESFET, But Operating
Like a JFET," Electron. Lett., Vol. 18, pp. 258-259, 1982,

W. Kopp, R. Fischer, R.E. Thorne, S.L. Su, T.J. Drummond, H. Morkog and A.Y. Cheo,
"A New AlgQ,3GaQ, 7As/GaAs Modulation Doped FET," Electron. Dev. Lett., Vol, EDL-3,
pp. 109-111 (1982).

R. E. Thorne, R. Fischer, S. L. Su, W. Kopp, T. J. Drummond and H. Morkosg,
"Performance of Inverted Structure Modulation Doped Schottky Barrier Field
Effect Transistors,' Jpn. J. Appl. Phys. Lett., Vol. 21, pp. L223-L224 (1982).

R. E. Thorne, T. J. Drummond, W. G. Lyons, R. Fischer and H. Morkog, "An
Explanation for Anomalous Donor Activation Energies in A10.35Gao_65As,"
Appl. Phys. Lett., Vol. 41, pp. 189-191 (1982).

T. J. Drummond, W. Kopp, H. Morkog¢ and M. Keever, "Transport in Modulation
Doped Structures (Al Gaj _ As/GaAs): Correlations with Monte Carloc Calculations
(GaAs)," Appl. Phys. Lett., Vol. 41, pp. 277-279 (1982).

T. J. Drummond, W. G. Lyons, R. Fischer, R. E. Thorne, H. Morkog, C. G. Hopkins
and C. A. Evans, Jr., "Si Incorporation in Al Gaj_,As Grown by Molecular Beam
Epitaxy," J. Vacuum Science and Technology, Vol. 21, pp. 957-960 (1982).

S. L. Su, R. E. Thorne, R. Fischer, W. G. Lyons and H. Morkog, "Influence of
Buffer Thickness on the Performance of CaAs Field Effect Transistors Prepared

by Molecular Beam Epitaxy,' J. of Vacuum Science and Technology, Vol. 21,
pp. 961-964 (1982).

W. Kopp, S. L. Su, R. Fischer, W. G. Lyons, R. E. Thorne, T, J. Drummond,
H. Morkog, and A. Y. Cho, 'Use of a GaAs Smoothing Layer to Improve the
Heterointerface of GaAs/Aleal_xAs Field Effect Transistors,'" Appl. Phys.
Lett.. Vol. 41, pp. 563-565 (1982).

R. Fischer, T. J. Drummond, R. E. Thorne, W. G. Lyons and H. Morkog,

"Properties of Si Doped Al,Ga;)_,As Grown by Molecular Beam Epitaxy," Thin
Solid Films, in print.

R. E. Thorne, W. Kopp, S. L. Su, R. Fisher, T. J. Drummond and H. Morkog,
"Camel Diode Gate GaAs and GaAs/Al,Gaj_yAs Modulation Doped FET's," IEEE
Trans. on Electron. Dev. Vol. 29, p. 1698 (1982).

N. Holonyak, Jr., B.A. Vojak, H. Morkoc, T.J. Drummond and K. Hess,
"Stimulated Emission in a Degenerately Doped GaAs Quantum Well," Appl. Phys.
Lett. Vol. 40, pp. 658-660 (1982).



)
t
i
!
1
1
!
!
|
1
!
l
I
]
[
|
[
[

Bl

S. L. Su, R. Fischer, T. J. Drummond, W. G. Lyons, R. E. Thorne, W. Kopp
and H. Morkog, "fodulation Doped (Al,Ga)As/Gads FETs with High Transconductance
and Electron Velocity,'" Electron. Lett., Vol. 138, pp. 794-796 (1982).

T. J. Drummond, H. Morkog, K. Lee and M. Shur, '"Model for Modulation Doped

Al Ga;_.As/GaAs Field Effect Transistors,"” IEEE Electron. Dev. Lett.,
vol. BBI-3, pp. 338-341 (1982).

K. Lee, M. S. Shur, T. J. Drummond and H. Morkog, ''Current~Voltage and
Capacitance~Voltage Characteristics of Modulation Doped Field Effect Trans-
istors," IEEE Trans. on Electron Dev., Vol. 30, March (1983).

R. E. Thorne, S. L. Su, R. Fischer, W. Kopp, W. G. Lyons, P. Miller and

H. Morkog, "Analysis of Camel Gate FETs (CAMFETs)," IEEE Trans. on Electron
Dev., Vol. 30, March (1983).

H. Morkog, "Influence of MBE Growth Conditions on the Properties of Al Ga1 =
GaAs Heterostructures,'" Proc. of International Meeting on the Rela- 3
tionship between Epitaxial Growth Conditions and the Properties of Semiconductor
Epitaxial Layers," Perpignan, France, Aug. 30 - Sept. 1, 1982. Les Editions

de Physique (1983).

As/

T. J. Drummond, R. Fischer, S. L. Su, W. G. Lyons, H. Morkog, K. Lee and M. S.
Shur, "Characteristics of Modulation Doped Al Gal_ As/GaAs Fiedd Effect

Transistors: Effect of Donor-Electron Separatlon, Appl. Phys. Lett., Vol. 42,
po. 262-264 (1983).

I. J. Drummond, S. L. Su, W. Kopp, R. Fischer, R. E. Thorne, H. Morkog,
K. Lee and M. S. Shur, "High Velocity N-on and N-off Modulation Doped

GaAs/Al Ga,__As FETs," IEEE International Electron Devices Meeting Digests,
58625 8& (5an Francisco, Dec. 13- 16, 1982). -

T. J. Drummond, S. L. Su, W. G. Lyons, R. Fischer, W. Kopp, H. Morkog,

K. Lee and M. S. Shur, "Enchan ment of Electron Velocity in Modulation
Doped (Al,Ga)As/GaAs FETs at Cryogenic Temperatures,' Electron. Lett.
Vol. 18, pp. 1057-58 (1982).

R. Fischer, C. G. Hopkins, C. A. Evans, Jr., T. J. Drummond, W. G. Lyons,
J. Klein, C. Colvard and H. Morkog, "The Properties of Si in Al Ga1 xAs
Grown by Molecular Beam Epitaxy,' Int. GaAs Symposium, in print¥

W. G. Lyons, D. Arnold, R. E. Thorne, S. L. Su, W. Kopp and H. Morkog,
"Camel Gate GaAs FETs: Analysis and Performance,' Int. GaAs Symposium,
in print. ’

K. H. Duh, A. Van der Ziel and H. Morkos, "1/f Noise in Modulation Doped
FETs," IEEE Electron Dev. Lett., Vol. EDL-4, pp. 12-13 (1983).



—_62-

K. Lee, M. S. Shur, T. J. Drummond, S. L. Su, W. G. Lyons, R. Fischer
and H. Morkog, 'Design and Analysis of Modulation Doped (Al,CGa)As/GaAs
FETs (MODFETs)," J. Vacuum Science and Technol., in print.

K. Lee, M. S. Shur, T. J. Drummond and H. Morkog, '""Electron Density of
the Two-Dimensional Electron Gas in Modulation Doped Layers, J. Appl. Phys.,
in print.

R. Fischer, J. Klem, T.J. Drummond, R.E. Thorne, W. Kopp, H. Morko¢ and
A.Y. Cho, "Incorporation Rates of Ga and Al on GaAs During Molecular Beam
Epitaxy at High Substrate Temperatures,' J. Appl. Phys. Lett.,

in print.

T.J. Drummond, J. Klem, D. Arnold, R. Fischer, R.E. Thorne, W.G. Lyons and
H. Morkog, '"Use of a Superlattice to Enhance the Interface Properties
Between two Bulk Heterolayers,' Appl. Phys. Lett., in print.



G G M WD I e e e dew  pa N

1.

7.

9.

10.

11.

12,

13.

-63-

REFERENCES

L. Esaki and R. Tsu, Internal Report RC 2418, IBM Research, March
26, 1969.

R. Dingle, H. L. Stormer, A. C. Gossard and W, Wiegmann, Appl.
Phys. Lett., 37, 805 (1978).

P. J. Price, Annals of Physics, 133, 217 (1981).

L. C. Witkowski, T. J. Drummond C. M. Stanchak and H. MOrkog,
Appl. Phys. Lett., 37, 1033 (1980)

L. C. Witkowski, T. J. Drummond, S. A. Barnett, H., Morkog, A. Y.
Cho and J. E. Green, Electron Lett., 17, 126 (1981).

T. J. Drummond, H. Morkog, and A. Y. Cho, J. Appl. Phys., 52,

1380 (1981).

R. E. Thorne, R. Fischer, S. L. Su, W. Kopp, T. J. Dfummond and

H. Morkog, Jap. J. Appl. Phys. Lett., 21, L223 (1982).

T. J. Drummond, M. Keever, and H. Morkog¢, Jap. J. Appl. Phys. Lett.,
21, 165 (1982).

H. L. S:;rmer, R. Dingle, A. C. Gossard and W. Wiegmann, Solid
State Commum., 29, 705 (1979).

D. C. Tsui and R. A. Logan, Appl. Phys. Lett., 35, 99 (1979).

L. D. landau and E. M. Lifshitz, Quantum Mechanics (Non-Relativistic
Theory) Oxford: Pergamon Press, 74 (1977).

D. Delagebeaudeuf and N. T. Linh, IEEE Trans. Electron Dev., ED-28,
790 (1981). The same authors treated the normal MODFET case as
well, IEEE Trans. Electron Dev., ED-29, 955 (1982).

K. Lee, M. S. Shur, T. J. Drummond and, H. Morkog¢, J. Appl. Phys.,
Vol. 54, in print (1983).



- ———

15.

16.

17.

18.

19.
20.

21,

22,

23,

24,

25.

26.

27.

28.

—64—

R. A. Smith, ‘Semiconductors'', Cambridge University Press, Second
Edition, p. 83 (1978).

T. J. Drummond, H. Morkog, K. lee and M. S. Shur, "IZEE Electrom.
Dev. lett., EDL-3,.338 (1982).

K. Lee, M. S. Shur, T. J. Drummond, and H. Morko¢, IEEE, Tranms.
Electron. Dev., 30, March (1983).

T. J. Drummond, W. Kopp, M. Keever, H. Morkog, and A. Y. Cho, J.
Appl. Phys., 53, 1023 (1982).

T. J. Drummond, W. Kopp, H. Morkog, and M. Keever, Appl. Phys.

Lett., 41, 277 (1982).

H. Morkog, T. J. Drummond, and R. Fischer, J. Appl. Phys., 53, 1030 (1982).

T. J. Drummond, R. Fischer, P. Miller, H. Morkog¢, and A. Y. Cho,

J. Vac. Sci. Technol., 21, 684 (1982).

T. J. Drummond, R.A Fischer, S. L. Su, W. G. Lyons, H. Morkog, K. Lee
and M. S. Shur, Appl. Phys. Lett., 42, Feb. 1983.

J. S. Harris and D. L. Miller, private communication.

M. laviron, D. Delagebeaudeuf, P. Delescluse, P. Etienne, J. Chaplart
and N. T. Linh, Appl. Phys. Lett., 40, 530 (1982).

T. J. Drummond, S. L. Su, W. G. Lyons, R. Fischer, W. Kopp, H. Morkog,
K. Lee and M. S. Shur, Electron. lett., 18, 1057 (1982).

T. Mimura, S. Hiyamizu, K. Joshin and K. Hikosaka, Jap. J. Appl.

Phys. lett., 20, L317 (1981).

S. Hiyamizu, T. Mimura and T. Ishikawa, Jap. J. Appl. Phys., 21,
Supplement 21-1, 161 (1982).

P. N. Tung, D. Delagebeaudeuf, M. Laviron, P. Delescluse, J. Chaplart

and N. T. Linh, Electron, lett., 18, 109 (1982).

M. Niori, T. Saito, S. Joshin and T. Mimura, presented at ISSCC, February

23-25, 1983, New York, NY.



» - "

=

m—q-‘-—q—,

=
—

29.

30,

SV

32,

33.

-65-

References

H. B. Kim, G. G. Sweeny and T. M. Heng, "Analysis of Metal GaAs Schottky
Barrier Diodes by Secondary Ion Mass Spectroscopy,” in Proc. of GaAs
Symp., Inst. of Physics Conf. Ser. no. 24, Chp. 5, pp. 307-319 (1974).

H. Morkog, T. J. Drummond and C. M., Stanchak, "“Schottky Barriers and
Ohmic Contacts on n-type InP Based Compound Semiconductors for Microwave

FETs,” IEEE Irans. on Electron. Dev., vol. ED-25, pp. 628-639 (1978).

R. E, Thorne, S. L. Su, ¥, Xopp, R. PFischer, T. J. Drummond and H.
Morko¢, "Normally-On and Normally-Off Camel Diode Gate GaAs FETs Suitable
for Large .Scale Integration,” J. Appl. Phys., Vol. 53, pp. 5951-8, Ang.
1982,

J. M. Shannon, "A Majority Carrier Camel Diode,” Appl. Phvs. Lett., vol.
35, pp. 63-65 (1979). i

A. Rockett, T. J., Drummond, J. E. Greene, and HR. Morko¢, “Surface
Segregation Model for Sn-Doped GaAs Grown by Molecular Beam Epitaxy,” J.
Appl. Phys., to be published.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

2.

—66—
FIGURE CAPTIONS

Band diagram (drawn to scale) of a single period Aleal_xAs/GaAs

modulation doped heterostructure having an undoped Alea As

1-x
spacer layer thickness of 100 %. The electron concentration in

-3

the Al Ga As 1is 1018 cm .
b4 X

e
A schematic representation of a cross-sectional view of a MODFET
with the Aleal_xAs on top of the GaAs. Source and drain contacts
are diffused in to reach thQ 2DEG plane. The gate metal (Al) is
deposited after the channel has been recessed by chemical etching.
The cap layer of GaAs is optional.

Conduction band edge diagram of a single period modulation dqped
heterostructure. :

Conduction band edge energy in the élxcal_xAs away from the hetero-
interface with respect to the doping density for 300 and 77 K
lattice temperatures.

The energy correction term arising from the degeneracy in the
Aleal_xAs Kyithout depletion approximation) as a function of

the donor concentration in the Alea _xAs layer.

1

Interface sheet electron 2DEG concentration vs. the doping level

in the Al Ga, _As layer.
X 1-x

Interface Fermi potential (EFi) vs. the sheet carrier concentration.

Interface sheet carrier concentration vs. the undoped spacer
layer thickness.
Conduction band edge diagram of a single period modulation doped

structure with a Schottky barrier deposited on the Alea As

1-x
layer. Note that the Aleal_xAs layer is shown to be depleted
entirely by a combination of the Schottky gate and the space

charge balancing the 2DZG.

S N -

o—_ L

1



-67-~

Fig. 10. Channel potential along the gate of a field effect tramsitor.

Fig. 11. Assumed velocity vs. electric field characteristics, two piece
and three piece models. The three piece model is for closely
matching the cryogenic temperature velocity-field characteristic.
Here F

2 corresponds to 8c in the text.

Fig. 12. The normalized gaté-to-squrce capacitance vs. the normalized

drain voltage.

Fig. 13. The normalized- gate-to~drain capacitance vs. the normalized
drain voltage.

Fig. l4. Cross-sectional view of a MODFET with a .lum gate length and a
3 um source-drain (channel) length.

Fig. 15. Top view of a MODFET having dimensions indicated in the

Fig. 16. Schematic diagrdm of a microwave carrier with 50Q input and out
put microstrip lines used for rf measurements.

Fig. 17. Drain saturation current (for a device width Z = 145 um) vs. gate
voltage of a N~ON MODFET.

Fig. 18. Drain saturation current (for a device with (Z = 145 um) vs. gate
voltage of a N-OFF MODFET.

Fig. 19. Three terminal output characteristics of the N-on and N-off MODFETs.
Solid lines indicate the results of the three piece model, dots show
measured data points and the broken lines show the two piece
velocity~-field characteristic result.

Fig. 20. Output drain characteristics of a N-ON MODFET with di = 40 &
and a N-OFF MODFET with di = 20 . Both characteristics are

!
]
l
|
I
!
!
i
i Fis. 16 caption.
§
]
|
|
!
f
|
0

for Z = 145 um.

)
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Fig. 21. Intrinsic transconductance per mm of gate width given by
gm/(l-ngs) as a function of the undoped Aleal_xAs layer
thickness. Dotted lines assume non-degeneracy and solid lines

assume degeneracy of doping im the Alea As., V

1=x off = 02 Vs

W= 7,000 cn’/Vs and L = 1 ja.
Fig. 22. Saturation current vs. gate voltage characteristics for N-on and N-off

MODFETs with d,

circles (Z = 145 um).

= 40 . The measured data are presented as open

Fig. 23. Static electron mobility vs. electric field in a modulation doped

GaAs/Alea xAs heterostructures deduced from pulse measurements

=
up to an electric field of 2 kV/cm. Monte Carlo calculation

1 up to 6 kV/cm are also shown for comparison for pure GaAs and
GaAs doped to 1017 cm-3.

Fig. 24. Drift velocity vs. electric field in a modulation doped hetero-
structure up to an electric field of 300 V/em. GaAs with an
ion concentrations of 1015 and 1017 cm-3 is also shown (Monte

| Carlo calculatioms).
| Fig. 25. Drain 1/V characteristics of a modulation doped FET having gate
dimensions of 1 ym x 290 um at 300 K (a) and 77 K (b).

Fig. 26. Drain saturation as a function of gate voltage of the device
shown in Fig. 25. For comparison, the saturation current of a
high performance Fujitsu device is also shown.

Fig. 27. Calculated transconductance as a function of gate voltage

using drain current vs. gate voltage characteristics shown in

Fig. 26.
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Fig. 28.

Fig. Al.

Fig. A2.

Fig. Bl.

Fig. B2.

Fig. B3.

Fig. B4.

Fig. BS.

Fig. B6.

Fig. B7.
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Propagation delay vs. power consumption chart obtained from ring
oscillators made from devices competing for high speed including

the MODFETs.

Electric field vs. distance, x, in the space charge region.

Potential vs. distance in the space charge region.

Schematic cross—-section of a camel gate FET.

Conduction band edge energy diagram of a bhomostructure camel gate
FET. The shading denotes the depletion regions in the at, p+ and n

layers.

Barrier height to current conduction via thermionic emission ¢B vs.

gate reverse bias.

Depletion depth W into the FET channel vs. gate reverse bias. The

depletion depth for a .8V Schottky barrier gate is also indicated.

Depletion depth d into the '’ layer vs. gate reverse bias.

Intrinsic tri;sconductanco of a CAMFET operating in the saturated
velocity limit vs, gate reverse bias, as well as that of a Schottky

gate FET.

Gate capacitance per unit area vs. gate reverse bias.
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Fig. BS.

Fig. B9.

Fig. Blo.

Fig. Bll.

Fig. Bl2.

Fig. Bl3.
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Drain I-V characteristic of a CAMFET with Na = 3.5 x 1018 cn-3 and
16 =3

Nd-8110

Drain I-V characteristic of a CAMFET with N‘ =6 x 1018 c--3 and Nd

= 1.5 x 1017 en”3,

Experimental and theoretical gate capacitances for a  FATFET
fabricated on the same wafer as the device of Figure 8, as well as
the experimental gate capacitance of a Schottky barrier FATFET with
identical geometry and similar channel doping. The FATFET ares is

4.6 x 1074 ca2.

As in Figure 10, for a FATFET fabricated on the same wafer as the

device of Figure 9.

Drain I-V characteristic of a device with a back-to-back diode

gate. The p' doping is about 1.6 x 1019 a3,

Maximum available gain vs. frequency for a CAMFET similar to that

of Figure 8.
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Table I.

Table 1II.
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TABLE CAPTIONS

Measured and theoretical maximum values of transconductance and
saturation current., Theoretical values are in parentheses. The
values of source resistances are those employed in fitting the
theoretical curve to the data,

The junction depletion depth, di’ for each spacer layer thick-
ness and the doped layer thickness, d;, used in modelling each
device 1s given as well as the total Aleal_xAs layer thickness
(di + dd)' The calculated gate capacitance repre;encS an

upper limit, .
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