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An original method for the extraction of MODFET parameters in the low-field region is
presented. It is based on a simple linear charge-control model and on a power-law depen-
dente (with an exponent k > Q of the low-field mobility # on the two-dimensional electron
gas (2DEG) concentration n,, valid in a certain range of gate voltages. Simple analytical
expressions are derived for the transfer characteristics I3, — Vg, and g — Vg, at low drain
bias. They are combined to extract reliable values of the threshold voltage V;, the power
exponent K, the total parasitic series resistance R, +Rd and an important control parameter
/' related to the mobility ug at high n,, the effective gate capacitance per unit area Ces
and the gate width / gate length ratio W/L. The experimental transfer characteristics are
riicely reproduced by our analytical expressions and the values of 3’ and-k agree very well
with those deduced directly from Hall measurements on gated Hall-bridge structures.

I. Introduction

Analytical modelsare helpful for the physical under-
standing, characterization and design of semiconductor
devices and generally faster to compute than numer-
ical models. Most analytical models used up to now
for the description of MODFET operation are based on
a simple linear charge-control model derived inl!} and
further developed inf2=51. Much attention has been fo-
cused on the implementation of various velocity-field
descriptions ‘where the low- field mobility was generally
treated as a constant for modeling the drain current
and transcor ductance characteristics. However, it is
shown experimentallyl®~9] and theoretically(81%:11] that
the low-field mobility 4 decreases as the 2DEG concen-
tration n, decreases, even at room temperature. The
importance of this effect on the transfer characteris-
tics of MODFETs has been analyzed theoretically by
Sakaki et al.l'?, neglecting source and drain parasitic
resistances and by using a power-law dependence of p
on n,, asobserved for n, < 7 x 10! em~2. Such a
carrier-density dependence of the low-field mobility has

also been incorporated by Drummond and Sherwin{!3]
in their model for calculating the I, — Va, characteris-
tics at different V,.. To our knowledge, the predictions
of these two studies have not yet been supported by
experimental data.

In this paper, we take into account the parasitic
series resistances in the derivation of analytical expres-
sionsfor the Iy, — Vg, and gy, — Vg, Characteristics at
low drain bias. The calculations are based on the sim-
ple linear charge-control model and on the power-law
dependence of i on n, as mentioned above. Our anal-
ysis is restricted to the operation at low drain bias (5
mV in our application) in order to assure an uniform
distribution of the 2DEG concentration under the gate
and also to guarantee asimple linear field-velocity de-
pendente without velocity-saturation effect. This ana-
lysis is used to extract important MODFET parame-
ters by combiningthe measured transfer characteristics.
The simple analytical expressions reproduce very well
the observed transfer characteristics. Furthermore, the
values of some MODFET parameters are in excellent
agreement with those deduced from direct Hall mea-
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surements on gated Hall-bridge structures.

II. Theoretical basis

As mentioned in the introduction, we base our cal-
culations on a simple charge-control model given byl!=5]

ns(z) = Cen[Vgs — Vi-Ven(2)l/a 1)

wliichisfound to be validin a certain range of gate volt-
ages &, (i.e. n, not too low, not too high, see Fig.1),
where q is the electron charge, Cee the effective gate
capacitance per unit area, V; the threshold voltage and
Ven(z) the local potential along the channel. For very
small Vg (5 mV in our application), n, is uniformly
distributed under the gate and given by

s = Ceﬁ‘Vg*/q ) (2)

where Vy = Vs — Vi Vis/2 is the effective gate to
channel voltage for parasitic series resistances such as
R, ~ Ry. It isconvenient to introduce the value of n,

caculated by (2) at a normalized voltage V', = 1V
s nor = ns(Vy =1V) . (3)
Equation (2) can be rewritten as:
% )
Ny = N nor g . 4)
" (V;,m (

Furthermore, the dependence of low-field mobility x on
2DEG concentration n, (n, < 7 x 10! ¢cm~?) is ap-
proximatively given by a power-law!®~11],

n k n V* k
— s — $,nor g ’ 5
H=Ho (nso) /io( Nso Vg’.‘.nor) ®)
where n,, is the equilibrium concentration; po and
k(k > 0 for MODFET’s) depeiid on the temperature,
spacer thickness and doping concentration of the het-

erostructure. Assuming a constant longitudinal electric
field under the gate, the drain current I, satisfies

lae = - qny(V; )V Was — (Ro + o)l (6)

where L and W are the gate length and gate width
respectively. Equation (6) can be solved for 145 and by
using (4)-(5) we get

(V_q*/%":nor)l—*.k (7)
1+ :BI(RS + Rd)(v'g*/v_q*,nor)l-l-k ’

I = ,6/ Vs
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where A’ is an important control parameter defined by

ﬂ/ = — HoqNso <”s,nor)

®)
By assuming (R, + Rg4) independent of V,,, astraight-
forward derivation of (7) with respect to V. givestlie
following expression for the transconductance gr:

Gm = ,6/ Vis (1 + k)(vg*/vgfnor)k (9)
" Vinor [L+ /(R + Ra)(Vy [ Viinor) 412
By combining (7), (9), we obtain:
Ids =4 / ﬂl * * * * 1+L2"
(Vdsgm)1/2 - 1 + I Vg /Vg,nor(Vg /Vq,nor) 3
(10)
Ids 1 ﬂ/ * 14k
- = Ry+Ra){(V* JV* , (11
ngg* 1+k 1+k( + d)( g/ g,nor) ( )
Vds 1
= - = . (12
Rch Ids (Rs + Rd) ﬂl(%*/vg’fnor)l-;-k ( )

The extraction of MODFET parameters relies on (10-
12). The basicideain constructing tlie function defined
by the left-hand side of (10) was to eliminate the de-
pendente on the parasitic resistances. The value of %
is adjusted to get the best straiglit linein alog-log plot
of (10), which gives also a determination of k and 5’
vaues. Similar fits of experimental data-based on (11)-
(12) provide (R, * R,) and other determinations of &
and #'. Thek and (R,+R4) values used in theleft-hand
side of (11)-(12) are those extracted from (10)-(11) re-
spectively. Once tliese parameters are known, me can
check the validity of our model by comparing cal culated
((7), (9)) and experimental characteristics.

II1I. Experimental procedure

The modulation-doped GaAs/AlGaAs heterostruc-
ture used in this work (S-181) was grown by molecular-
beam epitaxy (MBE) at 620°C on a Cr-doped semi-
insulating (100) GaAs substrate. The MODFET struc-
ture consisted of a 1 pm-thick undoped GaAs buffer
layer, a 100 A undoped AlysGag 7As spacer layer, a
4 % 10'2 em~? Si doping plane and a 400 A undoped
Alp.3Gag 7As top layer covered by a50 A nt-GaAs cap
layer which facilitates the ohmic contact formation. We
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evaporated Au-Ge/Ni/Au for the ohmic contacts. They
were then aloyed at 430°C in forming gas for 15 s.
We used A for the Schottky gate contacts which were
deposited after removing the cap layer. The MOD-
FET’s and Hall-bridge structures were defined by con-
ventional pliotolithography and chemical etching. The
gate length L and width W of our test MODFET (chip
23, FET 02), as measured by scanning electron mi-
croscopy (SEM), were 1.56 pm and 100 pm respectively.
The ungated spacing between source and drain was as
largeas 3.6% um, which explainsthefairly high series re-
sistances of our device. The channel of the Hall-bridge
structures was 125 ym wide and 750 ym long and three
pairs of potential-probes along the channel were sepa-
rated by 253 pm.

Hall measurements were performed under low mag-
neticfield (13 = 0.39T) at 300, 77 and 13 K. Depending
on the applied gate voltage, the constant current in the
channel was adjusted in the range 100 nA-20 pA in or-
der to keep a voltage drop lower than 20 mV between
the two external potential-probes along the channel (i.e.
an electrical field lessthan 0.4 V/cm). The gate-voltage
range explored was such that the relative difference in
sheet carrie:: concentration between these two probe-
contacts was | es-than 10% (typically less than 1%, ex-
cept near tlireshold) and such that the leakage gate
current was less than 1% of the supplied current. The
threshold voltage was found by the extrapolation at
n, = 0 of the straight line of n, — V, ., characteris-
tics. Hall niobilities as high as 7950, 1.26 X 10° and
2.81 x 10% cin?/Vs were measured at 300, 77 and 13 K
respectively.

The drain current of the test MODFET was mea-
sured as afunction of gate voltage (steps of 20 mV) for
a given drain bias (5 mV) and the transconductance
was deduced by a further numerical differentiation of
the Iy, — Vs characteristics.

IV. Results and discussion

The depcndencies of ¢ and », on V* at 300 and
77 K are shown on Fig. 1. The threshold voltages were
Vi = —~1.60V at 300 K and V; = —1.54V at 77 K. Par-
alel conduction in the Si doping plane might slightly
affect the 300 K Hall measurements at V;* > 1.2V.
The maximum sheet carrier concentrations n;, were
7.33x 101! cn? at 300 K and 6.78 x 10! cm? at 77 K.
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Figure 1: Hall mobility » and 2DEG concentration n. vs.
effective gate voltage V' = Voen — Vi at 300 and 77 K
for the GaAs/AlGaAs heterostructure described in the text.
Extrapolating the linear part of n, — Vg, cr gave Vi = —1.60V
at 300K and V; = —154 V at 77 K.

Thelinear fit of n, =V in therange0.2V < Vv, < 0.7V
gave C.s of 1.04x 10°7 F/em? at 300 K and Cleys of
9.8 x 1078 F/cm? at 77 K. Plotting p versus n, gave
approximatively power-law dependencies (5), valid for
ny, < 7 X 10 em~2, with k¥ = 0.44 at 300 K and
k = 204 at 77 K (Table ). It is worth noting that
k was as high as 3.57 at 13 K, which is significantly
higher than the experimental or theoretical values re-
ported for uniformly-doped heterostructures.
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Figure 2 Measured I4./(Vasgm)!/? characteristics vs. -
fective gate voltage V' = Vs — Vi — Vas/2 at 300 and 77 K
for the test MODFET described in the text. The extracted
parameters Vi, k¥ and 8’ (eqn (10)) are given in Table 1L

Thevaluesof Vi, po, k and C.s; at 300 and 77K are
given in Table I. Three Hall-bridge structures belong-
ing to different chipslocated in the same region as the
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Table | - Threshold voltage V; (eqn.(2)), k and po (eqn.(5)), nso, Cess (eqn.(2)) and Ad (eqn.(13)) for gated
Hall-bridge structures measured at 300 K (chips 13,23,43) and at 77K (chip 43).

Chip T WV k Ho Mo Cess Ad

X ™ (cm?/Vs)  (x10' em~2)_ (x10~3 F/cm?)_ (A)
13~ 300 -151 044 8600 7.07 9.19 680
23 300 -157 047 8840 7.25 9.99 585
43 300 -160 047 8970 7.33 10.4 540
43 77 "-154 204 134400 6.78 9.83 570

Table II - Parameters at 300 and 77 K of our test MODFET extracted from measured quantities defined by the
left-hand side of egns. (10-12) (Figs.2-4). For comparison, the values of V;, k and #’ (eqn.(8)) were deduced from
the parameters measured on gated Hall-bridge structures (Tablel) and the SEM determination of W/L on our test

MODFET.
T(K) 300 K T 77K
Parameter V: (V) k B (S) Ri+Ry | Vi (V) k B (S) Ry + Rq4
() ()
eqn (10) -1.44 0.51 4.6 x 1072 -1.35  2.08 7.2x10°!
eqn (11) 0.51 59.5 2.02 12.9
eqn (12) 0.50 4.6 x 1072 2.03 7.0x107!
Hall4+SEM | [-1.6,-1.51] 0.44-0.47 (4.6 —5.7) x 10~2 -1.54 204 6.9x 1071
test MODFET were characterized at 300 K. The corre-
sponding threshold voltages were in the range [-1.60, -
10 S — — 1.561V]. Two points should be mentioned in comparing
- 3 these results. Firstly, we find experimentally (Table I)
E Vds =5 mVv E that the valuesof n,, and C.;; are correlated to the val-
- . ues of V;. The observed trends cannot be explained by
Q 3 7 variationsin the AiGaAs thickness but they are consis-
: 1L - o - tent with inhorhogerieities in the doping concentration
-~ . ‘ ”.f. . Nap. Secondly, the generally accepted formulal?~3],
Y - o F ] O, = €260 13
~ [ o : 4= T Ad (13)
>m : I s - ." where ¢, is the relative static dielectric constant of Al-
O,E 0.1 E . E GaAs (about 12.2 at 300K and 11.9 at 77 K for x = 0.3)
:’w B - ..' . . and d thetotal AlGaAs thickness (500 A), would lead to
_ i 77 K i avalue of the averaged distance Ad of the 2D gas from
. * 300 K the interface between 540 and 680 A at 300 K (Tablel),
0.01 T B which is much iarger than the accepted value of about
"0, 1 L 1 80 A. The origin of this discrepancy is not presently

Effective Gate “Voltage Vg (V)
Figure 3: Measured Iu,/(gmV;') = 1/(1 1K) characteristics
vs. V' at 300 and 77 K for our test MODFET. The ex-
tracted parameters k and (R, T Ra) (egn (11)) are given in
Table II.

known, but it might partly result from a lowering of
the capacitance by another capacitance in series which
is related to the occupancy of the electron states at
the bottom of each subband*4. It should also be men-
tioned that fairly large values of Ad are theoretically
expected at low nl*>*® and that values of Ad 200 A
were reported for pulse-doped MODFET’s!!?). Further
investigations of these two points are planned and will
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be reported elsewhere. Figs. 2-4 show log-log plots of
the characteristics defined by the left-hand side of (10-
12) respectively. As expected by {10-12), straight lines
are obtained in the range 0.2V <V < 0.7V where
both (4)-(5) are valid (Fig. 1). The temperature de-
pendente o k gives rise to different slopes at 300 and
77 K. At 300 K, the absolute values of the slopes found
in Figs. 2-4 are clearly greater than unity. It reflectsthe
fact that the mobility cannot be treated as a constant.
Thefits of these data according to (10-12) provide the
values of thz parameters given in Table II. The vari-
ous determinations of k and 48’ at both 300 and 77 K
arein excellent agreement. Furthermore, Hall measure-
ments also give consistent values of k and #’ is deduced
from (8) and the SEM determination of W/L. By us-
ing the parameters given in Table II (we used a value
of B8 = 7.2 x 10! S at 77 K), we can calculate the
Iy — Vs anii g, — Vg, characteristicsfrom (7), (9) re-
spectively. The results, shown in Figs. 5-6, reproduce
very well the experimental data. Thisisafurther con-
firmation of the validity of our model. In particular,
the good quality of the g.,-fit supports our assumption
that (R, + E4) is independent of V,'. Another way to
check this assumption is to calculate (R, * Ry) as a
function of V* from (11) by using the values of & and
B’ deduced from (10). We find no dependence on Vy
for vy 202V, which shows the consistency of the
method, as (11) was derived by assuming (R, + Ry)
independent of V*. It is worth noting that using k = 0
for the calculated characteristics at 300 K would lead to
a poor fit of the g, — Vg, characteristics (Fig. 5). Fur-
thermore, the drain current calculated by (7) does not
follow alinear dependence on V,, the power exponent
is (1t k) at very low V;* and decreases continuously
towards O at very large V*, where saturation should
occur. It isonly in avery limited range of V;* that Ias
shows an app-oximatively linear behaviour, as assumed
in the conventional method for extracting V. Applying
this procedure would lead to an overestimation of V;
(extracted va ue of V; more positive) by about 43 mV
at 300 K (Fig.5) and about 180 mV at 77 K (Fig.6).
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Figure 4: Channel resistance R.» vs. V, at 300 and 77 K
for our test MODFET. The extracted parameters  and £’
(egn (12)) are given in Table IL.
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Figure 5. Calculated (solid lines, egns (7), (9)) ahd mea-
sured dependencies of drain current (e} I4s and transcon-
ductance g,,, (0) on v, for our test MODFET at 300 K. Pa-
rameters used in the cdculations are given in Table II. Fits
for k = 0 areshown with dashed linesusing 8’ = 475x 10~2
sand V. = -1.32V.
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Figure 6: Calculated (solid lines, egns (7)-(9)) and measured
dependencies of drain current I, () and transconductance
gm (0) On V; for our test MODFET at 77 K. Parameters
used in the calculations are given in TableII (8’ = 7.2x 107}
S).
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It is instructive to examine the deviations of the
rneasured drain current from our model in the region
slightly above threshold (near-threshold region, Fig.7).
The concentration n, in the near-threshold region is
underestimated by the linear charge-control model and
this fact explains qualitatively a higher experimental
current at 300 K than predicted. This effect should
also occur at 77 K but it is counterbalanced by a drastic
degradation of the low-field mobility at very low n,, as
found by Jiang et al®l. The net result at 77 K is a
faster decrease of the drain current at V < 0.15V
than predicted by (7) (Fig.7).

In addition to the interest of our simple analytical
model to provide more physical insight of MODFET
operation at low drain bias, we would like to point
out that a precise extraction of MODFET parameters
is required for circuit design. It is also necessary to
interpret 1/f noise measurements. The knowledge o
parasitic series resistances is required to separate the
uncorrelated noise contributions from the parasitic re-
sistances and from the 2D channel under the gatel!3].
Furthermore, according to the empirical Hooge’s mobil-
ity fluctuation modell'®); the 1/f noise level from the
2D channel should be inversely proportional to the to-
tal number of electrons N, in the 2D gas under tne
gate. The quantity N.x(V,) can be evaluated either
from the channel resistance,

L2
Ngp(VH) = ———————, 14
D= vy W
or from
Nch(Vg*) = ns(Vg”)WL . (14)

All the relevant quantities V", Ren(Vy'), ulns(Vy")] and
ns(V;) areknowninour combined study of MODFET’s
and gated Wall-bridge structures. Fig. 8 shows the
results at 300 K for the two determinationsof N.x(V,*)
according to (14)-(15). The two methods agree very
well, the maximum differences are 9% at 300 K (Fig.8)
and 17% at 77 K.
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Figure 7: Detail in alogarithmic scale o the measured drain
current I, at 300 K (A) and 77 K (o) for our test MODFET
operated near threshold. The deviations from our smple
modd (solid lines, egn (7)) are qualitatively explained in
the text.
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Figure 8: Comparison between the calculated total number
Non O dectrons in the 2D gas under the gate from (14)
(0) and (15) (A) for our test MODFET at 300 K. The ef-
fective capacitance C.;; used in the linear part o n, — Vy'
was calculated to be 8.33x 107 F/cm? (from (13) and the
correlation Ad — Vi, see Table 1) for the threshold voltage
V. = —1.44V d our test MODFET. We a0 scaled the sub-
linear dependencerns — V, at high V, (Fig. 1). The vaue
of n,, Usad to calculate  from (5) was taken as 6.84 x 10*!
cm™? (see corréation n., — V; in Tablel).

V. Conclusion

Based on a power-law dependence of the mobility
w1 on the 2DEG concentration n, and on a linear re-
lation n, — Vs, which were checked to be valid in a
certain range of Vg, we derived analytical expressions
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for the transfer characteristics of MODFET’s at low
drain bias. VVe described an original procedure to ex-
tract MODFET parameters from combined exploita-
tion of the drain current and transconductance char-
acteristics. The model provides a good description of
the low drair bias operation of a GaAs/AlGaAs test
MODFET at 300 and 77 K. Furthermore, the values
of some extracted parameters are in good agreement
with those obtained independently by direct Hall mea-
surements on gated Hall-bridge structures. Our results
show clearly the importance of taking into account the
ns-dependence of mobility for a detailed understanding
of the MODFET characteristics at low drain bias. This
is particularly important at low temperatures, although
noticeable effects are observed even at 300 K.

The valid ty of our method is quite genera and,
in particular, it can also be applied to the study
of GaAs/InGaAs/AlGaAs pseudomorphic MODFETSs
since the two basic assumptions (4)-(5) are satisfied in
acertain range of n,-valuesl??!. Furthermore, the chan-
nel mobility in Si-MOSFET’s near room temperature
(T > 200K) and for intermediate inversion layer con-
centrations follows also a power-law dependence on n,
but with a ncgative exponent k in the range —1/3 <
k < —1/6[21-%3] depending on the crystallographic ori-
entation of thz surface and on the importance of inter-
subband phonon scattering!??!, Therefore, our analysis
should be also applicable to describe the operation of
Si-MOSFET’s and to extract their parameters in this
range of temperatures and 2DEG concentrations.
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