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Study of Graded Channel in MODFETs on InP Substrates

l. Foreword

This proposal was for a three-year study to optimize the quantum well
channel in MODFETs on InP substrates. The work was initially based on some
remarkable results that were achieved at Cornell University for the industry
standard PHEMT (AlGaAs/InGaAs/GaAs) structure. This work showed that the
electron sheet density and consequently the channel current could be increased
substantially by linear grading the Indium composition in the InGa;,As channel and
by modulation doping on both sides of the channel (double-doping). The major
improvements that were shown with the graded channel double-doped MODFETS
- on GaAs were in the carrier mobility and consequently the output current. An
additional benefit of the work was in reduced gate leakage currents and increased
drain-source breakdown voltages, due to reduced electric fields in the 2DEG.

The goal of this contract was to apply the successful design techniques
used on the GaAs PHEMT to the relatively immature AllnAs/InGaAs MODFET
structure on InP. AllnAs/InGaAs MODFETs on InP substrates typically have
yielded the highest frequency response and the lowest noise figures. However,
the low breakdown voltage in such InP-based MODFETSs seriously limits the
power level that these devices have. The reduced gate leakage that resulted from
the linear graded channels on the GaAs PHEMTs was expected to substainly
improve the breakdown voltages for the InP-based MODFETS,

Results from this contract was a successfiul demonstration for the first time
of InP-based MODFETs operating above 125°C with minimal DC and RF
degradation with record two dimensional electron sheet densities (>8.0 x 10%cm-
%).  The MODFET structure was double-doped and double-strained with a
parabolically graded channel. To achieve this final result we performed
fundamental experiments during the duration of the grant to study the spacer layer
thickness, Schottky barrier enhancements and stress compensation schemes.

2A.  Statement of the problem studied

MODFETs on InP substrates have yielded the highest frequency response
and the lowest noise figure, both due mostly to the 30% higher electron average
transit velocity in the lattice-matached In 53Ga 47As channel, compared to the 1.8 -
2.0 x 107 (cm/s) velocity for electrons in optimized channels on GaAs substrates.
However, the low breakdown voltage in such InP-based MODFETs seriously
limits the power level that these devices have.




as the channel current is raised 25-30 % of full channel current.  Above this
current the breakdown voltage can rise moderately for GaAs-based devices, but
continues to fall, more slowly, as current is raised for InP-based devices,
Additionally there is a serious gate leakage current under moderate forward gate
bias, even for GaAs-based MODFET’s.

The two-dimensional electron gas (2DEG) is thin in all previous structures,
and is crowded against the quantum well heterojunction. There are two, distinct,
such 2DEGs when doping is placed above and below the channel. In this latter
case, the potential in the middle of the quantum well is high, due to the space

well is actually broken by the bending of the conduction band (charge
accumulation).  The total electron distribution in the quantum well is a
superposition of two triangular wells (one from each side) which creates the two
distinct peaks in the free carrier profile. These peaks can be minimized by raising

A computer program has been developed and used at Comell [2],
incorporating both Schrodinger and Poisson equations, to yield the electron Spatial
distribution for any Indium fraction profile. This program, called “C-band” has
been used to predict the benfits of grading Indium in the conduction channel of
pseudomorphic MODFETs on GaAs substrates. Experiments have been carried
out with Indium rising linearly from 15 % to 22 % and falling back linearly to
15%. With double doping, such a channel allowed 4 x 10" ¢m™ electron sheet
density with a mobility of 7,230 cmz(Vs)'l. When 0.3 um MODFET’s were made
[3] with this graded-channel material, the maximum channel current was
800 mA/mm, which is 15 % higher, and the breakdown voltage was 75 % higher,
than was the case for a uniform channel with 20 9 Indium composition. Also,
under 1 V forward bias, the gate leakage current in the graded-channel devices is
nearly zero for all drain-source voltage values, while it is ~ 30 mA/mm for the
double-doped channels with constant Indium fraction[3]. The low-field mobility
was also 10 % higher in the graded channel at room temperature [3].

It is clear why the electron sheet density is high in such channels with




increased Indium fraction in the center of the quantum well. The electron density
is more uniformly distributed across the entire channel, rather than having two
sharp peaks near the two hererojunctions (caused by a break in the ground state).
This is due to the lowering of the conduction band in the middle of the quantum
well which results in the ground state being constant in the quantum well
(occupied n =1 states). The mobility is higher because the electrons interact less
with the heterojunctions, which may not be atomically planar, and which may
support interface phonons as an additional scatttering mechanism.  The
breakdown voltage is higher because the undepleted electron sheet density is
thicker in the case of the graded Indium channel. The electric field caused by the
drain-source voltage is lower, for a given voltage, because of the increased radius
of curvature of the constant potential surfaces near the source end of the thicker
undepleted 2DEG.

In addition to predicting the electron distribution function in such a
MODFET structure, it is necessary to predict the limits on stress to prevent
dislocations. Such a program has been developed at Cornell [4], originally for use
in pseudomorphic multiple quantum well structures for lasers capable of high
speed modulation. In the case of GaAs substrates, all of the strain has been of the
two-dimensionsal compression type. For InP substrates, where Ins;Ga4As and
In 5, Al 43As are lattice matched, both two dimensional tension as well as the two-
dimensional compression are possible, especially in the design of the channel.
Thus the layered structure net compression or tension can be minimized. One
example is the case of InyGa,.yAs on InP with y=.53 + y1 cos(bz) where yl = .25
and a single period of the cosine being ~ 150 A. It yielded an electron sheet
density of 2.2 x 10"*cm™ in a single period channel, with a room mobility of
9,700 cm?(Vs), all for single-sided doping. The double-sided doping should yield
4 x 10"%cm™ with ~ 10,000 cm2/v s mobility at room temperature.

The gate leakage, under forward bias, is reduced because the high, peaked
electron density, normally obtained, has been lowered and broaded across the
quantum well. This lowers the thermionically-assisted tunneling of the electrons
from the channel into the gate. It is not yet certain what Indium fraction profile
will be optimum. Linear symmetrical grading in 2 steps, parabolic grading, cosh or
cosine grading are possibilities of interest. A modified “C-band” computer
program, capable of predicting electron distributions in InyGa;,As with its
different properties on InP, compared to those on GaAs, will be developed.

2B.  Summary

PSeudomorphic MODFETs (SMODFET) have become the new high speed
transistor for microwave applications. Basic advantage of the SMODFETs
electrical performance over MESFETSs and MISFETs is due to the use of quantum




wells which result in higher mobility and increased current capability. Mobility is a
measure of how easily a charge carrier (electron/hole) can move. The electrical
current capability of a transistor is controlled by changing the concentration of
charge carriers (electron/holes) in the channel. Increasing the concentration of
charge carriers above a physical limit causes a drastic decrease in mobility. This
point of decreasing mobility is dependent upon the composition and materials used
(height/width of the quantum well) in making the SMODFET. It has been found
that by varying the indium concentration (x) in an InxGa; xAs channel one can
improve the electrical capability of the quantum well. This enhanced quantum well

results in higher charge density and mobility, yielding a higher current capability for
the SMODFET as shown in Figure 1a.
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Figure 1a  Conduction Band (solid) and free electrons (dashed) vs position
in a double modulation doped MODFET with a parabolically graded
channel and a buried p-layer in the buffer

A one-dimensional computer program which solves Schrodinger and
Poisson equation simultaneously has been extended to optimize the design of
MODFETs with the following features, pseudomorphic graded channels,
pseudomorphic barriers, double sided doping and buried p-layers. Figure 2 show a
double doped SMODFET on InP with and without a parabolically graded channel.
As can be seen the separation of the energy levels in the quantum well (E1 and E2)
by grading the channel will result in the higher charge density.
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uniform and a parabolically graded channel. Comparison of energy
states in the channel with constant indium and parabolically graded
channel on InP substrates

A simple model has been developed and used to predict and show the
advantages of pseudomorphic MODFETs with graded channels [5]. The band
bending in the channel caused by the charge accumulation in the full channel is
easily calculated by applying Poisson’s equation in the channel [8]. Integrating
twice yields a simple parabolic equation (1) for the conduction band bowing.

Ma)-e vt o

Using equation (2) for the charge density (L is the channel thickness), we can
calculate the maximum deflection of the conduction band in the channel for double
and single-doped SMODFETs.

= 40 _ 40
pC - Ls 2a (2)

Substituting equation (2) into equation (1) yields the following design equation for a
single-doped MODFET (max. DV @ z=2a),
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and for a double-doped MODFET (max. DV @ Z=a).
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Since the band bending in the channel varies as a parabola (equation 1), we
can vary the indium concentration in the channel parabolically to directly cancel the
voltage (flatten E;). This parabolic variation of the indium concentration (x)
assumes that DE, is to the first order linear with x (Figure 2).
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Figure 2 Band Gap Energy vs. Indium Mole Fraction for InGaAs and AllnAs
ternary compounds for (bulk) and strained.

The minimum and maximum values of this parabolic grade are dependent on the
voltage deflection and the strain limits of the material as calculated by the
Matthews/Blakeslee (M/B) limit (equation 5) [3].




m

Aa a, Y 1 )(1"2)

a —(«/’ 2nh, ) (1+9) //_ ®)

Where h, is the critical thickness, O is Poisson’s ratio and Aa/a is the fractional
strain. The average value of a parabola is two thirds of the maximum. Hence we
figure the M/B limit for a specific channel thickness and make this the average
value of the parabolic grade to stay within the strain limits. As a general rule we
take 5/8 of the bandgap difference for GaAs based MODFETs and 5/7 for the InP
based MODFETs for the conduction band discontinuity [9]. This conduction band
discontinuity is used for the barrier height in calculating the energy levels in the
channel.

The electric dipole across the spacer layer just outside the channel is derived
from the simple electrostatic relation D = e*E and is shown in equations (6, 7, 8)
[8].

E=—=— =% (6)

For single-doped MODFETs, and for double-doped MODFETs (assuming that the
total channel charge is split equally between the top and bottom doping) with Wy
being the spacer thickness.

AV, poer = % W,, single-doped MODFET @)
AV, = %’;_s w,, double-doped MODFET (8)

Assuming that the channel is small enough that the density of states is
quantized in two dimensions, the calculation of the 2D density of states is given as
in equation (9).

*
m

b= nh’ ©)
With a graded channel (assuming a flat quantum well) the quantized energy levels
- (E,) are calculated from simple quantum mechanics [10]. For a well with infinite
walls the energy levels are calculated as shown in equation (10).

' 2,2 2.2
En = E *n’ with E=—2 0 _ - T (10)
2m (2a) 8m (a)
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Figure3  a) Three and two dimensional density of states versus energy
for determining sheet charge (n,) using the area rule. b) Energy
levels (Ey) in a quantum well with a finite barrier (E).

For a quantum well with finite walls (Figure 3b) we have to solve the following
transcendental equations (equation 11) with k., inside the well and k., outside the

well. This assumes m* (carrier effective mass) is the same inside and outside the

quantum well.
K, tan(x a) = k,

- K, cot(K,a) = k,,

2m*E 2m*(E, -E,
with K., ————*mh - and k, =‘/ - (hb )
Ep = barrier height
a = (channel thickness) / 2
From Figure 3a, we can calculate the sheet charge with a simple area rule as
shown in equation (12)
n, = 1‘:‘;21 (B —E\)+(Ex —Ey)+ -+ (E; ~Ey)] (12)

From Figure 4, and using conservation of energy, we can calculate the fermi
energy (Er) as shown in equation (13)

2
EF = [AEC - pmb] _’gvchanncl - AVspaccr (13)

with AEc = conduction band discontinuity
Vprob = barrier probability of occupancy (0.12v for a 1% probability)
Venannet = space charge effect potential in the channel (equation 3 or 4)
AVgacer = voltage due to charge dipole across spacer (Es*Wy)

(11)




Solving equations (12) and (13) simultaneously, yields the sheet
charge(n;) and fermi energy(Ey) for the 3D-SMODFETs.
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Figure4  Conduction band versus position below gate with quantized
energy levels.

The simple model that was developed and verified with this contract for the
AllnAs/InGaAs MODFET on InP substrates is being continually extrended to
optimize the InGaP/InGaAs MODFET on GaAs and the AIGaN/InGaN MODFET.
The simple model assumes that the band bending of the conduction band can be
completly canceled by the parabolic grading of the Indium in the InGaAs quantum
well. With this assumption the quantized energy levels inside the quantum well can
be solved from the textbook analysis of a quantum well with finite barriers.
Conservation of energy (Kirchoff Voltage law) and knowing the quantized energy
levels in the well allows us to write write two simultaneous equations which are
easily solved for the complete solution of the MODFET [5]. By varing the channel
thickness and keeping the other parameteres constant we can easily plot the 2DEG
vs channel thickness for single and double modulation doped structures as shown
in Figure 5a and 5b.
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Figure 5a Single-Doped Double-Strained MODFET with  AlggoIng 4As barriers and
parabolically graded InxGa, xAs channels. The average value of In (X) was
calculated from the Matthews/Blakeslee critical thickness equation. The
ground state (diamond), first excited state (square), second excited state

(triangle), Fermi energy (bar) and the maximum sheet charge (star) are shown
versus channel thickness.
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Figure 5b Double-Doped  Double-Strained MODFET (3D-SMODFET)  with
AlpgoIng 40As barriers and parabolically graded InxGa; xAs channels. The
average value of In (X) was calculated from the Matthews/Blakeslee critical
thickness equation. The ground state (diamond), first excited state (square),
second excited state (triangle), Fermi energy (bar) and the maximum sheet
charge (star) are shown versus channel thickness.
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Sets of MBE experiments in conjunction with QED were designed to
optimize the growth of InP based SMODFETs with graded channels. Thege

we have grown Algn,As and InesGassAs ternaries which has minimized the
clustering and allowed us to achieve a record 2DEQG, current, and high temperature
performance of InP-based MODFETs [7,8]. Currently the clustering of the
ternaries is being agressively studyed at Wright Laboratories with Cross-sectional
STM (XSTM) as the main instrument for analysis.

Using molecular beam epitaxy we grew the 3D-SMODFET structure on Iron
doped InP substrates. The devices were grown as follows: 2500 A of

grading schemes were grown as described in Table I. For wafer 8646, the
channel was decreased from the 200 A to 120 A and for wafers 8649 and 8650 the
channels were parbolically graded from 53 % to 71 % back to 53 % with the
average at 65 %.



Table I Summary of the five double modulation doped wafers
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The devices were fabricated using two optical steps and one E-beam
lithography step for the gates. The devices were mesa isolated by using a
phosphoric acid:peroxide wet etch. A sidewall channel etch was performed with a
selective citric acid:peroxide solution to eliminate the gate to InGaAs mesa contact
(10). Ohmic contacts and e-beam alignment marks were defined with a second
optical lithography step. The ohmic contacts were formed using Ni/AuGe/Ag/Au



which was alloyed at 340°C in an RTA for 10 sec producing contact resistances
less than 0.1 Q-mm. T-gates were then defined with an electron-beam and the gate
recess was performed with a selective citric acid:peroxide wet etch.

Typical current-voltage characteristics at 25 °C and 100 °C for a 2 um gate
length 3D-SMODFET on wafer 8648 is shown in Fig(s). 6a and 6b, with limited
degradation at 100 °C. The forward gate current at different temperatures is
shown in Fig. 7a, with an effective barrier height > 1 eV extracted from an
activation energy measurement (Fig. 7b). The low current (<400 mA/mm) in the

device is due to surface depletion in the linear regions around the gate between the
source and drain ohmic contacts.
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A change in the processing sequence has resulted in drain currents
> 1000 mA/mm and a DC transconductance of > 500 mS/mm for wafer 8648 as
shown in Fig(s). 8aand 8b. The devices have good pinch-off characteristics
(<2.5V), output conductance (< 15 mS/mm), gate-drain breakdown (2.5 to 7 V)
and good microwave performance with a high fyax to fr ratio (330/110) for a

0.18 um gate length. A summary of open channel current and hall data is shown
in Table II.
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Table I Summary of electrical results
Run| V, | I, hall (300K) hall (77 K)
# | v |mA/ 1) 1)
mm | (cm?/Vs (101112 c | (cm*Vs (IOr‘l’ c
ec) m?) ec) m?)
864 | 1.7 | 1100 | 6000 5.8 10,300 5.6
6
864 | 1.6 | 1000 | 6900 5.7 12,100 54
7
864 | 1.7 | 1200 | 7200 6.5 12,100 6.0
8 4
864 | 2.1 | 1500 | 6700 1.7 11,800 7.2
9
865 | 2.4 | 1850 | 6500 8.4 12,100 8.1
0
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Figure 7o  Effective barrier height (eV) for Algn,As/In.Ga,As/

Al In,As 3D-SMODFET on InP.
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