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AlGaAs/InGaAs/GaAs heterostructures for pHEMT switching transistors
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The pHEMT heterostructures optimized in this work to improve the parameters of switching microwave

transistors have a one-sided δ-doping at 6 · 1012 cm−2 and an AlAs/GaAs spacer. Such heterostructures were

used to fabricate the monolithic integrated circuits of single-pole double throw pHEMT switches with gate

length and width of 0.5 µm and 100 µm, respectively. The resulting transistors had the following parameters:

gmax = 400mS/mm, saturation current ID = 380mA/mm, ON-state resistance 1.0� ·mm, OFF-state capacitance

0.37 pF/mm. The switch parameters at 20 GHz are: insertion loss −2.2 dB, isolation −56 dB, return loss −11.7 dB,

linearity P1 dB = 21 dBm and IIP3 = 40 dBm.
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The rapid development of technology of detection, com-

munication, and positioning systems and the heightened

requirements imposed on military and commercial high-

frequency equipment necessitate the engineering of more

and more advanced solid-state components of microwave

electronics. Monolithic integrated circuits (MICs) of

microwave switches fabricated based on pHEMT (pseudo-
morphic high electron mobility transistor) heterostructures

are one of the components of this kind [1]. A number of

requirements are imposed on the parameters of pHEMT

switching transistors for such circuits. The key requirement

consists in minimizing the on-state transistor resistance

(Ron) and the off-state capacitance (Co f f ).

It has been demonstrated via mathematical modeling that

transistors with a donor density in the δ-layer closest to the

heterostructure surface being 4–6 times higher than the one

in the lower δ-layer provide the best switching characteris-

tics [2,3]. Compared to heterostructures with double-sided

δ-doping, the electron density maximum in heterostructures

with a single δ-layer close to the surface shifts away

from the inverted InGaAs/AlGaAs heterointerface, which

has a higher roughness than a direct AlGaAs/InGaAs

heterointerface [4]. The electron mobility increases as a

result, while the heterostructure resistance decreases (at
comparable electron densities) [5]. All this suggests that

heterostructures with one-sided δ-doping should be suitable

for the fabrication of switching transistors.

In order to reduce resistance Ron further, one needs to

alter the electron density by raising the donor impurity

density. However, the mobility of electrons decreases when

their density exceeds (1.5−1.8) · 1012 cm−2 [6]. This feature
of electron mobility may lead to a reduction in conductivity.

Therefore, one needs to investigate the dependence of

conductivity of pHEMT heterostructures with one-sided

doping on the dopant impurity density in the region above

2 · 1012 cm−2.

In the present study, the influence of both the method

and level of doping and the spacer design on the resistance

of a pHEMT heterostructure with one-sided doping is

examined. Models of integrated circuits of double-throw

pHEMT switches are fabricated based on heterostructures

with the optimum resistance, and their parameters are

measured. It is demonstrated that heterostructures with a

spacer in the form of a short-period AlAs/GaAs superlattice

and δ-doping at the level of 6 · 1012 cm−2 are the optimum

ones for switching transistors. The parameters of switching

transistors fabricated based on such heterostructures are on

par with the ones of transistors based on heterostructures

with double-sided doping.

The studied heterostructures were grown by molecular

beam epitaxy on semi-insulating GaAs substrates. The

temperature of growth of the buffer GaAs layer was

varied within the range of 550−600◦C to obtain an

atomically smooth surface. The growth temperature for

the InGaAs layer was reduced to 510◦C. In the process

of spacer growth, the substrate temperature was raised

to 530−550◦C; δ-doping with silicon was performed at this

temperature. AlGaAs layers were grown at a temperature

of 620◦C. Four series of heterostructures differing in the

method of doping and the spacer design were examined

(Fig. 1). The AlAs/GaAs superlattice was structured as

follows: 3 monolayers (ML) of GaAs/3 ML AlAs/3 ML

GaAs/3 ML AlAs/2.5 ML GaAs (the overall thickness was

4.2 nm). This spacer had a mean molar content of aluminum
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Figure 1. Variation of the spacer design and the doping method in series I−IV heterostructures.

of 0.59, which is almost two times higher than the molar

content of aluminum in the AlGaAs spacer.

The sheet density of silicon atoms (NSi) was set by vary-

ing the silicon flux, which depends on the temperature of

the silicon source, in heterostructures with modulation dop-

ing and by increasing the silicon deposition time at a con-

stant source temperature in heterostructures with δ-doping.

The value of NSi varied from 2.5 · 1012 to 9.0 · 1012 cm−2.

Prior to heterostructure growth, dependences of the density

of conduction electrons in GaAs and AlGaAs layers on the

silicon source temperature were determined. These depen-

dences were then used to calculate the density of silicon

atoms in grown heterostructures. The mobility and density

of electrons and the resistivity values were determined based

on the data of van der Pauw measurements of the Hall

effect and the resistance of samples 5× 5mm in size in a

magnetic field of 0.2 T. The error of the determined electron

mobility and density values is due to the procedural error

of the van der Pauw method. The error of measurement for

square samples with small Ohmic contacts at the edges (the
ratio of characteristic sizes of contacts to the sample size is

approximately 1:5), which were used in the present study,

is 2.5% for the resistivity and 10% for the Hall voltage [7].
The measured dependences of resistivity of heterostruc-

tures on the dopant impurity density are presented in Fig. 2.

The resistivity of heterostructures needs to be minimized in

order to reduce resistance Ron. The dependence of resistivity

on the donor density is nonmonotonic; the lowest resistance

values in the majority of the studied series of samples

were achieved at NSi = 6 · 1012 cm−2. The mobilities and

densities of electrons measured in heterostructures with this

doping level are listed in Table 1.

The electron mobility in series II and IV heterostructures

with a superlattice spacer increases relative to the one in

Table 1. Mobilities and densities of electrons in series I−IV

heterostructures at sheet donor density NSi = 6 · 1012 cm−2

Parameter
Series

I II III IV

Density, 1012 cm−2 2.6 2.4 5.9 4.6

Mobility, cm2
·V−1

·s−1 6100 6480 2190 3150

series I and III, respectively. In contrast, the electron

density decreases when a superlattice spacer is used. Owing

to their increased electron mobility, heterostructures with
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Figure 2. Variation of resistivity of heterostructures with sheet

donor density NSi for different types of heterostructures. Circles —
series I, triangles — series II, diamonds — series III, squares —
series IV. Curves were drawn for clarity.
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modulation doping (series I and II) feature the lowest

resistivity ρ. The values of ρ corresponding to these two

series are essentially the same (the discrepancy is no higher

than 1.5%).

When choosing the type of heterostructures for switching

transistors, one needs to find a compromise between resis-

tance Ron and other parameters of a transistor (specifically,
its transconductance). Potential diagrams and wave func-

tions were calculated for series II and IV heterostructures

in order to estimate the degree of control over the electron

density in the channel of transistors with modulation doping

and δ-doping. It was found that an electron density

comparable to two-dimensional electron gas density n2D is

retained in the donor region in the heterostructure with

modulation doping at a voltage of −1.5V, while this

conduction channel in the structure with δ-doping is almost

completely depleted. Therefore, as the gate bias increases,

the current in series II heterostructures should decrease

more slowly than the current in series IV heterostructures.

Dependences of derivative ∂n2D/∂Ug on the gate voltage

varying in the range from −0.7 to −0.3V were calculated to

estimate the transconductance. It was found that derivative

∂n2D/∂Ug assumes a value of 1.5 · 1011 cm−2
· V−1 and

4.5 · 1011 cm−2
·V−1 at the center of the indicated range

(−0.5V) in series II and IV heterostructures, respectively.

Since the transconductance is proportional to the product of

∂n2D/∂Ug and the electron mobility, series IV heterostruc-

tures should feature a higher transconductance even though

the mobility is two times lower. This was the reason

why series IV heterostructures were chosen to be used for

transistor fabrication.

MICs of double-throw switches were fabricated in accor-

dance with the 0.5µm pHEMT process. Figure 3 shows the

typical current–voltage curve of a test switching transistor

with gate width w = 100 µm (the gate and the switch

MIC were fabricated in the same process). Series IV

heterostructures with donor density NSi = 6 · 1012 cm−2 in
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Figure 3. Current–voltage curve of a test transistor

(w = 100 µm).

Table 2. Parameters of double-throw switch MICs based on

pHEMT transistors

Parameter
Present

[8] [9]
study

gmax, mS/mm 400 250 280

Ron ·Co f f , fs 370 272 360

Insertion loss, dB −2.2 −0.85 −1.7

Isolation loss, dB −56 −31.5 −40

Return loss, dB −11.7 −12.7 −

P1 dB, dBm 21 25 30

IIP3, dBm 40 42 −

the δ-layer and barrier layer thickness d = 25 nm were used

to fabricate test transistors. In addition to the layers shown

in Fig. 1, these heterostructures featured a surface n+-layer

that helped reduce the contact resistance. The on-state

transistor resistance was Ron = 1.0� ·mm, and the off-state

transfer capacitance was Co f f = 0.37 pF/mm. The maxi-

mum transistor transconductance was gmax = 400mS/mm,

the maximum saturation current was ID = 380mA/mm, and

the cutoff voltage was Uth > −1.3V.

The frequency range of double-throw switch MICs was

0−20GHz. The absolute insertion loss did not exceed

2.2 dB within this range, while the maximum absolute return

loss was 11.7 dB. The absolute isolation loss was no less

56 dB, the 1dB compression point was P1 dB = 21 dBm, and

the third-order intercept point was IIP3 = 40 dBm. The

obtained parameters of switching transistor MICs are listed

in Table 2. It can be seen that they are largely comparable

to the parameters of similar switching transistors with a gate

length of 0.5µm reported in [8,9].

Thus, the results of optimization of the pHEMT het-

erostructure design for switching transistors were reported.

The resistivity of all types of heterostructures reaches its

minimum at a dopant impurity density of (6−7) · 1012 cm−2.

Heterostructures with a superlattice spacer have a lower re-

sistivity than heterostructures with a bulk spacer. Although

heterostructures with δ-doping have a somewhat (9%)

higher resistance than heterostructures with modulation

doping, their higher transconductance makes them better

suited for fabrication of microwave switching transistors.

The parameters of monolithic integrated switching circuits

fabricated based on heterostructures with one-sided δ-

doping and a superlattice spacer are largely on par with

the parameters of similar circuits based on more complex

heterostructures with double-sided doping.
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