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Abstract

We propose a new continuous model for Heterostructure
Field Effect Transistors suitable for circuit simulation and device
characterization. The model is based on the analytical solution of
two-dimensional Poisson's equation in the saturation region. We
cexperimentally determine the HFET saturation current and saturation
voltage by differentiating the output characteristics in a unified and
unambiguous way. We use these results for a systematic extraction
of device and process parameters such as the threshold voltage,
effective electron saturation velocity and mobility, drain and source
series resistances, effective gate length and characteristic length for
channel length modulation. The deduced values agree well with
other independent measurements. We report the results of
experimental studies of HFETs with nominal gate lengths of 1, 1.4,
2, and 5 micron. A large short-channel effect is observed for the 1
micron gate HFET. The gate length dependences of the device
parameters uniquely determined by our method reveal that the
cffective gate length in our self-aligned structures is approximately
(0.25 micron shorter than the nominal gate length. The same model
should be also applicable to short channel silicon devices.

L Introduction

The insight into device physics may be obtained from
numerical simulations, such as self-consistent two-dimensional
Monte-Carlo modeling [1][2]. However, such an approach is not
suitable for applications in device design when the many
dependences of device characteristics on design parameters have to
be optimized, nor for device characterization when device and
process parameters must be extracted from experimental data.
Numerical simulation is not applicable to circuit design and
simulation cither when tens and hundreds of devices have to be
simulated interacting with each other and other circuit elements. All
these tasks require accurate analytical models. At the same time,
these models must be based on physical device and material
parameters in order to provide a needed feed-back between the
fabrication process and device and circuit design.

An analytical description of Heterostructure Field Effect
Transistors (HFETS) is usually based on a charge control model
(see, for example, [3]). Such a model can be modified to account
for important non-ideal effects, such as carrier injection into a
substrate and gate dielectric layer, channel length modulation,etc.
This model is based on the electron velocity saturation that happens
at drain voltages higher than a certain critical drain voltage called
saturation voltage. Even though the charge control model gives a
fairly good fit to measured data with a judicial choice of device
parameters (see, for example, [4]), parameter extraction for the
charge control model remains an unresolved problem. Indeed, in its
simplest formulation, this model leads to a discontinuity of drain
conductance at drain saturation points and zero output conductance
in the saturation region. This can be corrected by getting rid of the
gradual channel approximation in the saturation regime. However,
itis not a priori clear how to determine the saturation point from
measured current-voltage characteristics,. Even though several
techniques to determine the saturation point have been proposed for
silicon MOSFETs {5], these techniques are neither adequate for
HFETs nor for submicron Si MOSFETSs . In addition, some of the
model parameters, such as mobility I and series resistances Rg and
Ry, have a somewhat similar effect on the calculated current-voltage
characteristics, leading to non-uniqueness in fitted parameters. This
problem becomes especially severe for computer-automated
paramelter acquisition systems.
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In this paper, we describe an improved analytical model of
HFETSs that allows us not only to obtain excellent agreement with
measured data but also to develop a clear and unambiguous
procedure for determining the saturation current and saturation
voltage. Based on pairs of the saturation current and saturation
voltage values, we propose and implement a simple and clear—cut
procedure to extract a complete set of device parameters from
experimental data.

1. Modelin

Our analytical model is based on several assumptions. First,
we neglect the gate current. Second, we assume the validity of the
Gradual Channel Approximation (GCA) with constant gate to
channel capacitance in the portion of channel where electron
velocity is smaller than saturation the electron velocity, vy [3].
Third, we assume that once the velocity saturation occurs near drain
edge of the channel, channel length modulation is responsible for
further increase in the drain current. Fourth, we use the relation
between the electric field and the electron velocity given by a
following approximation [6]: v = uFy /[14(Fx/2Fs)] for Fy < 2Fg
and v = vgy for Fx 2 2F where v is the electron velocity, Fs =
vsal/ll, Fx = dV(x)/dx, and V(x) is the channel potential.

Voltages with upper case subscripts ( for example,Vgs, Vps)
denote intrinsic variables, while those with lower case subscripts
(Vgs,Vgs) denote extrinsic variables. Note, however, that the drain
current (Ipg)is the same for both cases.

From the conventional charge control model [7] (gnenh=
Ci[Vgr— V(x)] where all the parameters have the same notation as
in [5]16][8], we obtain the expression for the current-voltage
characteristics of the HFET in a linear region :

Ine = L 2YerVps—Vps? )
DSL = Ry V1_)5+2VL

where Ry = 1/WCjvgy, Vi=F L, and L is the effective gate length,

At saturation (Vps=Vpsar), the electron drift velocity at the
drain edge of the channel is saturated at Vsar. Then, the drain current
is defined by IpsaT =q nch vea W = Ci (Vor — Vpsan)veaW. Also,
eq. (1) holds at Vps=VpsaT. By equating these two equations, we
obtain the following expressions for saturation voltage and current
given by

_1_ Vgr?
IpsaT = Rn Vor42Vi (2a)

_ 2Vgrvp
Vpsar = Vortave (2b)

When Vps becomes larger than VpsaT, the point where F=2F;
marked as x=L — AL in Fig. 1 moves closer to source. This effect is
called "channel length modulation”. In region I, the drain-to-source
current in the saturation region, Ipss, can be found from eq. (2a) by
replacing Vi with Vi, - Vg = F(L - AL):

Vgr?
VGr+2(VL = Vyr)

1
Ipss = R, (3a)

In good devices, suitable for circuit application, short channel
effects must be relatively small so that AL << L and VAL << Vg1/2 +
VL. Hence, we can expand eq. (3a) to obtain
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Vor?

1 2VaL
Rn Vor+2VL

Var+2Vy

Ipss= [1+ ] (3b)

Equation (3b) clearly show the increase of the drain current in the
saturation region due to channel length modulation for an intrinsic
HFET. To find AL, we solve 2-D Poisson's equation analytically in
the region 11 [9]. The solution of the channel potential is expected to
have the exponential dependence on distance toward drain [10}:

Vps = Vpsat+ & V) [ exp(AL/A) -1] @
where A=Vt (d+Ad) and Vj=FsA. The constant o can be found
from the requirement of continuity of the drain conductance variation
with the drain voltage at Vps=Vpsat: 0=8(VoT+VL)VL/(VGT+2VL)2.
Equations (2a), (3a), and (4) give the following expression for the
drain current in the saturation region:

2V.
Ipss = Ipsatl(1+ m—V_L

Vs — Vpsan)(Ver + 2VL)?
8Va(Ver+ VLIVL

x In{1 1 (5)

In short channel compound semiconductor devices with gate
lengths of one micron or less, the extrinsic source and drain
resistances are comparable to the channel resistance. Therefore, the
voltage drop across these parasitic resistances can no longer be
treated as a small perturbation to the external bias, (the assumption
which has been used successfully for parameter extraction in silicon
[11]). Moreover, for compound semiconductor devices, accurate
determination of R, and R; using the gated transmission line method
is usually not as successful as for Si MOSFETs due to the less
uniform compound semiconductor device characteristics. At the
same time, useful device modeling and parameter extraction method
should be able to cover both the intrinsic characteristics and the
extrinsic device characteristics. We can easily derive the extrinsic
model by using the following relationship Vgs = Vgs— IpsRs and
Vps = Vgs— Ips (Rs + Rp).

Substituting these equations into eq. (1), we obtain a
quadratic equation in Ipgt. The solution of this equation is given by

IpsL=(2VgVds— Vas?/[ A + VA2 - B] 6)
where A= (Rp/2-Rp)Vas+Rs+Rp)Vg+RpVy and B= (Rs+Rp)(Rs
— Rp+Rp) 2V Vas—Vis?).

Similarly , saturation current, Ipsat can be found from the
quadratic equation obtained such that

Ipsat = Vgi?/ [DR,+VgiRs+VE] ™)
where D=Vg./2+VL.and E=D2R2+2VyRpRs VL.
Once Ipsa is found as a function of Vg, we can calculate both the
intrinsic gate voltage Vgr and the intrinsic saturation voltage Vpsar
easily. Then we find Vysa=VpsaT + Ipsat (Rs + Rp).

However, a reasonably well behaved HFET characteristics
suitable for circuit application should be designed in such a way that

A is much smaller than L in order to reduce the short channel effects.
If this is the case, we can assume that although Vpg increases
above VpsAT, Vo remain nearly the same as that at the saturation

point and Vgs— Vdsat =Vps— VDsAT-

_ 2V)
Ipss=IpsaT [1+'Vg[ T3V —Ipsat Rs In[1+K]} ®)
where
k(s = Vasad (Vg + 2V~ IpsatRy)?

8VLVa(Vgi+ VL - IpsatRs)

In deep saturation, the second term in the logarithmic
argument in eq. (8) is much larger than 1. Hence, the extrinsic
drain resistance at the saturation region can be found as follows:

_ Vgt2vy
Ipsar

Vds — Vdsat
2V,

aIDSS)

Tass = V0oV Rs) Q)]
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Eq. (9) is a very important result since it shows that we can
determine Vg, from the Vgs-intercept in r, versus Vgs plot as
illustrated in Fig. 2. Moreover, we can find Vj from the slope of
this dependence once Vi and Rs are known. Vy is an extremely
important parameter which is a measure of the short channel effect
and the channel length modulation.

1L, Parameter Extraction and Discussion

In this section, we show how to extract device parameters
suitable for circuit simulation from experimental data for
conventional self-aligned AlGaAs/GaAs HFET devices with d=
400A and W=10 pum. The nominal gate lengths are 1, 1.4, 2, and 5
pm. The extracted values of Rs, Rp, Ry, Vi, and Vj are also listed
in Table I.

Fig. 2 shows experimental determination of the saturation
points for different external gate voltages. This determination is

based oneq. (9). At Vs> Vsar, Idss versus Vs curves show well
behaving linear characteristics, in agreement with eq. (9). At Vgs>>
Vdsat, Tdss becomes small again because of other short channel
effects, such as substrate conduction [12], and/or drain induced
barrier lowering (DIBL) [13]. We can determine V ggq from the Vgs-
intercept in ry versus Vgs plot (In Fig. 2, a mark "S" is the
saturation point for Vgs=0.4V.) Our determination of saturation
point based on eq. (9) 1s much more accurate and straightforward
than that reported previously for St MOSFET which is based on the
second derivative of the output characteristics [5]. Indeed, in the
saturation region, the drain current is nearly constant. Hence, it is
much easier to determine the saturation point using the method
based on the first derivative and not on the second derivative which
is very difficult to evaluate accurately.

Once the electron velocity reaches the saturation velocity
vsat, the drain current is described by Ipsat = (Vor — Vpsar/Rn. If
we account for the parasitic source and drain resistances , we obtain

Ipsat Rn—Rp)=Vgs — Vi~ Vgsar. (10
According to eq. (10), the Ipsat versus (Vgs—Vdsat) plotis a straight
line. The reciprocal of the slope of this straight line corresponds to
the R = Ry — Rp and the x-intercept yields the threshold voltage,
Vi. Fig. 3 shows Ipsar versus (Vgs—Vsar) plot for three of our
devices. The least square fit of our eq. (10) to the experimentally
measured data yields the values of V; and Rj.

The very definition of the threshold voltage in the short
channel HFET is not unique. For example, the measurement of V¢
from the Vgs-intercept in the Igs—Vgs curve at low drain bias is
widely useg in Si MOSFETs. However, this approach is not
accurate enough for HFETSs because of large series resistances Rg
and Rp that are comparable to the channel resistance [14].

The difference Rp— Rg can be determined either from the
gate current measurement or from the measured values of the
transconductances, interchanging the source and drain. We should
notice that the exact determination of Rp - Rg is not overly important
because Rp= Rg for a nearly symmetrical device. From the forward
and reverse transconductance at saturation region, Rp = Rp - Rg
=1/gmr— 1/gmf . We find Rp— Rg=- 20 Q for all our devices. We
obtain exactly the same values from the gate current measurements.
We can rewrite eq. (2a) as follows

(Vgi—Ipsat Rs)? _

Ry (Vg —1 Rg+ 2V
TpsaT n (Vg —IpsatRs v

an

Equation (1) implies that we can find Ry, and 2V, from the linear
regression of (Vg - IpsaTRs)/IDSAT versus Vg — IpsaTRs data.
The values of V) extracted from the measured average slope of rygg
V8. Vis—Vgsa for different gate voltages (see eq. (9)) .

The value of vgy; can be found from the extracted values of
Ry using Ry = 1/WCjvgy. We obtained vgy = 1.28 + 0.05 x 105
m/sec (the average value for three different devices). This value
agrees well with that of 1.1 x 105 m/scc estimated from f;
measurement [15]. This confirms that our device model and
parameter extraction procedure are quite accurate. The low field
mobility p and electrical gate length can be found from



VL= vear LIt = vy (Ly— L) . (12)

Here, Ly is the nominal gate length. If vgy and H are independent of
gate length, we expect linear relationship between V. and Ly, (see
Fig. 4). From the linear regression, we obtain 8L = 0.25 um and
1=10,000 cm?/V-sec. This value of W is in good agreement with the

Hall measurements [ 16]. The gate length offset, 5L, can be
introduced during many stages in the fabrication process. The main
contribution for our devices comes from the implant straggle during
the n* source and drain implantation. The obtained value of 8L is in
agreement with the value obtained from the output conductance
measurements [17].

The threshold voltage, Vyis the one of the most important
parameters both for the device characterization and circuit operation.
However, the very definition of V, is not unique. As can be seen
from Table 1, the threshold voltages (determined from €q. (10) and
Fig. 3) are close for 1.4 and 2 Um devices. But, there is a
considerable shift in V for 1 um device due to the short channel
effect. In Table II, we compare the values of V; found using the
following four methods:

Method 1: From the x-intercept in Ipg vs. V. plot at low Vg
(we use Vgs= 10 mV) as widely done for Si MOSFETs.
Method 2 : Same as Method 1 but for intrinsic device after
correcting for the voltage drop across Rg and Rp,
Method 3 : As determined from eq. (10) and Fig. 3.
Method 4 : From the unified change control model reported
in Ref. [8): Ips(Vgs=V) = quMVr + an/2)n W/L
where n, = 5 x 1010/ ¢m2,
The value of V, obtained by Method 3 agrees well with that obtained
using Method 4, which is based on material and process parameters,
(For Method 4, we measure Viat Vg = 0.1V, which is large enough

to satisfy the condition Vas>>NV, but small enough not to cause
the short channel effect.) Therefore, we recommend to use Method
4 for measurement of V,, instead of Method 1 or 2. This method is
much easier to use than Method 3.

The values of A calculated from the values of Vi in Table I
are 1,650A, 1,550A and 2,650A for devices with gate lengths L =
2.0, 1.4, and 1.0 Hm, respectively. (The values of Vsat = 1.28 x
107 cm/sec and p = 10,000 cm?/V-sec were used in this
calculation.) The values of A for 1.4 ym and 2.0 um gate devices
agree well with each other, implying that the channel length
modulation is responsible for the current increase in the saturation
region for both devices. However,the value of A for the 1.0 um
gate device is much larger, This indicates that other short channel
effects are present, such as the substrate conduction [12] and/or

drain induced barrier lowering [13]. All deduced values of A are
much larger than those estimated from €q. (9). This is the
consequence of a relatively low substrate acceptor doping and deep
source/drain junction depth [10].

The experimentally measured and calculated Ips-Vys
characteristics for 1.4 um is compared in Fig. 4. The calculation
has been done using the extracted parameters given in Table I with
no adjustable parameters. As can be seen from the figure, the
agreement between the calculated and measured curves is excellent.
From the subthreshold slope of $=70 mV/decade in our
unintentionally doped substrate devices [8], we estimate the
background acceptor concentration in the substrate 1o be on the order
of 1016 cm-3.

Table 1
Device parameters extracted from Ips-Vys characteristics
of HFETSs having three different channel lengths.

WM 10/2.0 10/1.4 10/1.2
[V 0.148 0.121 0.214
VLIV 0.204 0.155 0.036
Rs[Q 190 162 175
Rpl%) 170 142 155
VAlV 0.021 0.020 0.034

1¥. Conclusion

Our model allows us to describe the current-voltage
characteristic in an analytical form for the entire range of drain and
gate voltages in the strong inversion regime. Hence, our model is
very well suited for manual and automated parameter extraction.
Our parameter extraction technique is based on the experimental
determination of the HFET saturation current and saturation voltage
by differentiating the output characteristics. This technique allows
us to obtain a systematic extraction of such device and process
parameters as the threshold voltage, effective electron saturation
velocity and mobility, drain and source series resistances, effective
gate length, and characteristic length for channel length modulation
in a unified and unambiguous way. The device parameters extracted
using our technique from the experimental data agree well with the
results of independent measurements. This proves the accuracy and
versatility of our device model and parameter extraction procedure.
This technique (in a slightly modified form) should be also
applicable for deep submicron $i MOSFETS,
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Fig. 2 Experimental determination of saturation voltage and
saturation current for 1.4 um gate device. For the top curve, Vgs =
0.6 V: step = —0.1 V. The point marked "S" is the saturation point

for Vgs = 0.4 V.
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Fig. 5. Measured (solid dots) and calculated (solid lines) current-
voltage characteristics of HFETSs with gate lengths of 1.4 um. The
top curve in each figure corresponds to Vs=0.6 V and step = - 0.1
V. The parameters used in the calculations are all extracted (see
Table I).



