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ARBSTRACT

The purpose of this work is to determine the
optimum design parameters of modulation doped
Alxﬂal_xﬁsfﬂahs field effect transistors (MODFETs).
An analytical model for MODFETs was developed and
used to characterize several 1 pym gate transistors.,
Extremely high transconductances were obtained and
are attributed to large electron saturation veloci-
ties in the undoped GaAs. At 300 K transconduct-
ances of 250 mS/mm and 235 mS/mm have been obtained
for normally-off and normally-on devices respect-
ively. At 77 K a transconductance of 400 mS /mm
was obtained for a normally-off MODFET. Using our
model to characterize these devices requires the
electron saturation velocity to be about 2 x 10
emfs at 300 K and 3 x 107 emfs at 77 K.

INTRODUCTLON

Modulation doped (Al,Ca)As/CaAs [icld effect
transistors are being investigated for their high
current per unit gate length and high transconduct-
ances. 1f MODFETs are to be employed in large
scale integrated circuits to increase switching
speed, devices should be designed to maximize the
transconductance. For this purpose we have devel-
oped an analytical model to describe the transfer
characteristics of MODFETs (1,2). Although MODFETs
are fabricated like MESFETs, charge control by the
gate is similar to that of a MOSFET due to the two
dimensional nature of the charge carriers.

MODFETs are inherently superior to 5§i0,/Si
MOSFETs for the following reasons. foth normally-
on (N-on) and normally-off (N=off) devices can be
fabricated on the same wafer without the necd for
an implantation or diffusion. Much larger mobili-
ties and electron saturation velocities are obtain-
able in the undoped GaAs (3,4). The (Al,Ga)As/GaAs
heterointerface where the conduction electrons are
confined is virtually free of interface states and
is smoother than the 5i0,/Si interface. The
enhanced low field mobilities of modulation doped
structures have been found to have a relatively
small effect in dbtermining device performance.

The large transconductances observed are the result
of the high electron saturation velocity in the
GaAs. 'Using our model we estimate electron veloci-
ties of about 2 X 107 cm/s at 300K and 3 x 107 cm/s
at 77 K.

To take advantage of the high electron velo-
city and increased transconductance, theory
indicates that the separation between the gate and
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the two dimensional electron gas (2DEG) be minimized
and charge transfer across the heterojunction be
maximized. 1In this report we demonstrate that this
can be accomplished by decreasing the thickness of
the undoped (Al,Ga)As spacer layer typically left
at the heterointerface.

EXPERIMENTAL

The Al Ga As/CaAs heterostructures were
0.33"%0.6 ; :
grown by molecular beam epitaxy on (100) oriented
Cr-doped GaAs substrates. The structure consisted
of 1 um of undoped GaAs, a layer of undoped
Alp qqGag g7AS of thickness di' and 600 of

hln:1]Gnﬂ‘ﬁ?hs doped with Si to a level of 1 x IDLE

cmhl. Split source (ield effect transistors were
then fabricated with AuCGe/Ni/Au ohmic contacts for
the source and drain. The gate metal was aluminum.
The devices had a gate width of 290 um and a gate
lenpth of 1 pym in a 3 um channel. Both normally-
off and normally-on devices were fabricated from
each wafer by controlling the depth Eo which the Al
gate was recessed into the doped Alg 33Gag g7AS-
Details of the growth and fabrication have been
reported elsewhere (5,6).

THEORETICAL

When a doped (Al,Ga)As layer is grown on LOp of
an undoped GaAs layer a 2DEG 1is formed at the inter:
face due to the difference in the electron affinity
of these layers. The amount of charge transfer
across the interface is found by equating the
charge depleted from the (Al,Ga)As to the charge
accumulated in the potential well. A solution is
then found such that the Fermi level is constant
across the heterointerface. Such a solution has
been found using the depletion approximation (7).
We have found, however, that for typical doping
densities this solution is not accurate enough.

The reason for this is that the electrons in the
(A1,Ga)As are nearly degenerate leading to a
smaller space charge at the edge of the depletion
layer. This results in a smaller interface elec~
tric field and interface electron density, Ng,,
than predicted by the depletion approximation. We
have obtained both numerical and approximate
analytical solutions for n_. Our analytical
solution (B)

2 2 S
L8 =/Hd(di+ﬂd} +{2Er~ld!’q}(ﬂEE+:5{ﬁEE)-EF2} Hd{di+ﬂd}
(1)
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is obtained using a linearized dependence of the
Fermi level on ngo (see ref. 1 and 2). Here Ng is
the donor density, dj is the thickness of the
undoped (Al,Ga)As layer, Ad = 80 X is a constant
related to the Ep vs. ngg, curve (1,2), € is the
dielectric permittivity of (Al,Ga)As, q is the
electronic charge, AE;. is the discontinuity in the
conduction band,

§(AEc) = = (kT/q) [1n(1+g"y)+(4/N3) In(1+qy) ] (2)

and 5 »
y = [((1 =) “+eg'ND - (1 - a1/2g' (3)

where
| S -
Ny = Ny/N_, 8 gexp (qe ;/kT) (4)

and

y = Exp{—qEszkT}*

Here Epg 1s the energy difference between the bot-
tom of the conduction band and the Fermi level in
the (Al,Ca)As, N. is the density of states in (Al,
Ga)As, g is the donor g-factor and gj is the donor
ijonization energy. Comparison of the exact solu-
tion (dotted line) with our analytical expression
for ngp (solid line) in Fig. 1 illustrates the
accuracy of the approximation.
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Fig. 1 Interface carrier density, nggs, as a func-
tion of doping density, Ng, with various
undoped (Al,Ga)As layer thicknesses. The
dotted line is the exact solution and the
solid line is the analytical expression,

eq. (1).

The expression for ngy given in reference (7)
is recovered if one assumes § + 0. The actual
value of & is close to -0.1 V. This may explain
why the value of ﬂECIHEH = 0.56, smaller than a
generally accepted value of A /28E, = 0.85 (9)
was used in reference (10) for the best it
with the experimental data. These results may be
used in modelling MODFETs.

Placing a Schottky gate on the (Al,Ga)As re-
sults in a certain amount of depletion beneath the
gate. If the (Al,Ga)As layer is thin enough or a

sufficiently large negative gate voltage isapplied,

the gate and junction depletion regions will over-
lap. The density of the 2DEG is approximately de-
scribed by the modified charge control model

ng = {Efq}{{vg - “fo]ffd + ﬁd}]

where d = d3 + dj, where d3 is the thickness «
doped (Al,Ga)As layer, Vgoff = ¢p - 8E;. - AEpg
where ¢ is the Schottky barrier height, AEgp
temperature dependent parameter of our model
and Vpy = qNgd§/2e. Typically AEpp is small
the order of 20 mV).

The current-voltage characteristics were .
lated assuming that the current saturates whe
electric field at the drain side of the gate
ceeds the velocity saturation field Fg = vg/u
longitudinal field distribution in the channe
low the saturation voltage was described usin
Shockley model (7,11). Analytical equations
obtained describing the I-V characteristics (
cluding the effects of the source resistance)
two piece linear (1) and three piece linear (
models for the velocity vs. electric field cu
Both models take into account velocity satura
in the channel. The latter model includes, i
addition, the field dependence of the low fie
mobility which is especially important at 77
have also calculated capacitance-voltage char
istics (2).

Based on our model we have derived the fo
ing expression for the maximum "intrinsic" tr
conductance of the device, i.e. the transcond
tance for Rg = 0. '

- 2,-%
(g ) {qunm,’L}[1+(qun5ﬂ(d+ad)fw5L) ]
where g, is the intrinsic transconductance pe
gate length, p is the low field mobility, vg
saturation velocity and

1
} B 1
d = d; + [2e(Vg; = V )/ aN,]

where Vpi = ¢ — 8Ec is the effective built-1
tage. One of the consequences of eqs. (b) an
is higher doping of the (Al,Ga)As reduces the
mum thickness of the doped (Al,CGa)As beneath

pate given by the second term im the right si
eq. (7), leading to a higher transconductance

Qur results indicate that at small gate 1
the transconductance becomes nearly independe
the gate length due to velocity saturation.
reality, an additional enhancement of the tra
ductance in short gate structures is possible
to ballistic effects. For very short gate le
when

qunsﬂfd + ﬂd)vasL >> 1

we find {gm}EE%rt = gvg/(d+Ad). This expres
together with eq. (7) sets an upper limit for
transconductance of short gate MODFETs.

At room temperature when p is only a weak
tion of dj, the transconductance should incre.
both with a decrease in di (in agreement with
imental results) and with a decrease in gate
Assuming Vg = 0.7 V, Ad = 80 & (7), u = 7000
Hsﬁ independent of d; at 300 K (3), and vg =
107 ¢m/s we calculate (gp)max as a function o
for a 1 ym gate N-off device. The results ar
shown in Fig. 2. The transconductance is cons
ably larger for small values of dj, especiall
higher




doping levels. This result is in agreement with
our experimental data.
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Fig. 2 Transconductance pcr mm gate as a function
of the undﬂged layer thickness, Hﬂff = 0.2V,
y = 7000 cm“/Vs, L = 1 um. For the solid
lines the degeneracy of the electrons in the
(A1,Ga)As is taken into account and for the
dotted lines Lt 1is neglected.

RESULTS

Field effect transistors Were fabricated [rom
heterostructures with the undoped (Al,Ga)As layer
100, 80, 60, 40 and 20 % thick. Both current and
transconductance increased by a factor of two as dy
as decreased from 100 to 20 K. At 300 K the max-
imum values of transconductance were 250 mS/mm and
235 mS/mm for N-off and N-on devices respectively.
The maximum currents were 131 mA/mm and 190 mA/mm
respectively. The source resistance was 3.5 ohms
for the N-on device and 5 ohme for the N-off device
assuming an electron saturation velocity of 2 x 10
cm/s. The results of fitting the saturation cur-=
rent vs. gate voltage data with our model for a
N-on and N-off MODFET are shown in Fig. 3. The
data represent experimental points, the dotted
and solid lines represent the fits usinpg the two
and three pilece linear models respectively.

The drain I-V characteristics of a N-off
device mounted on a T70-18 header at 300 K and 77 K
are shown in Fig. 4. This device, with a 20 X
undoped layer, had a transconductance of 225 mS /mm
and a current of 114 mA/mm at 300 K and a gate
voltage of + 0.6 V. At 77 K the transconductance
increased to 400 mS/mm and the current to 150 mA / mm
at the same gate bias. The threshold voltage was
observed to shift by about + 0.2 V at 77 K. Bulk
(Al.Ga)As doped to 1 x 1018 em~3 with Si shows a
25% freezeout of electrons which is sufficient to
account for the shift in the threshold voltage. To
model the saturation current Vs. gate voltage
characteristic of this device at 300 K a source
resistance of 4 olhms and a saturation electron
velocity of 2 X 1U? cm/s were used. At /1 K the
gource resistance wWas decreased to 2.5 ohms and the

electron veloclity increased to 3 x 1
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fit the theoretical curve to the experimental data.
These velocities are in extremely good agreement
with predictions based on pulsed measurements (5).

As a final note, small signal microwave meas-
urements were performed on a mormally-off MODFET
with a 60 & undoped (Al,Ga)As layer. Although a
maximum available gain as high as 10.8 dB was
measured at 10 GHz the typical figure was 9 dB at

8 GHz,

CONCLUSTIONS

The parameters optimizing the modulation doped
field effect transistors (MODFETs) have been
investigated. 1In accordance with the predictions
of an analytical model developed for MODFETs,
reducing the separation between the gate and the
2DEG increases the transconductance significantly.
Device performance for short gate MODFETs is then
limited by the electron saturation velocity rather
than the mobility. LElectrons at the heterolnter- ;
face exhibit saturation velocities of about 2 x 10
cm/s at 300 X and 3 x 107 cm/s at 77 K.

Fabricating a series of 1 ym gate MODFETs with
progressively thinner undoped (Al,Ga)As spacer
layers resulted in higher transconductances and
larger currents. Maximum transconductances at
300 K were 235 mS/mm and 250 mS/mm for N-on and
N-off devices respectively. At /7 K a normally-off
device had a transconductance of 400 mS/mm. By
using a larger mole fraction and higher doping
level our theory predicts that intrinsic transcon-
ductances of over 900 mS/mm may be possible.
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