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Abstract− Electrical gate and drain characteristics 

of double heterostructure InAlAs/InGaAs pseu-
domorphic HEMTs have been investigated under 

sub-bandgap photonic excitation (hν<Eg). Drain 

(VDS)-, gate(VGS)-, and optical power(Popt)-dependent 
variation of the abnormal gate leakage current and 
associated physical mechanisms in the PHEMTs have 
been characterized. Peak gate voltage (VGS,P) and the 
onset voltage for the impact ionization (VGS,II) have 
been extracted and empirical model for their 
dependence on the VDS and Popt have been proposed. 
Anomalous gate and drain current, both under dark 
and under sub-bandgap photonic excitation, have 
been modeled as a parallel connection of high 
performance PHEMT with a poor satellite FET as a 
parasitic channel. Sub-bandgap photonic characteri-
zation, as a function of the optical power with 

hν=0.799eV, has been comparatively combined with 

those under dark condition for characterizing the 
bell-shaped negative humps in the gate current and 
subthreshold drain leakage under a large drain bias. 

 

Index Terms− HEMT, HFET, gate current, 

physical mechanism, resonant tunneling, real space 
transfer, positive hump 

I. INTRODUCTION 

InP-based pseudomorphic high electron mobility 

transistors (PHEMTs) became important with the 

growing applications in low-noise and low-power 

microwave & millimeter-wave integrated circuits. InP-

based PHEMTs are superior in performance to 

conventional GaAs-based HEMTs due to the 

significantly higher low-field channel electron mobility 

with reduced parasitic resistances. They, however, often 

suffer from poor breakdown, gate leakage, and 

subthreshold drain characteristics with the inherent small 

bandgap of the channel layer in the structure [1-13]. 

There has been much effort to improve both the gate 

Schottky barrier and the breakdown characteristics 

through modification of the epitaxial layers and 

fabrication processes. There have also been considerable 

efforts on the improvement of the gate and drain leakage 

characteristics that are closely related to the noise figure, 

breakdown characteristics, and high-frequency 

performance of InP-based PHEMTs. Physical mechan-

isms on the breakdown and abnormal gate&drain 

leakage currents in PHEMTs include thermal generation 

& recombination (G-R), impact ionization, thermionic 

field emission, tunneling, real space transfer, and/or 

combination of thereof [1-5, 10,11,14].  

In this work, we demonstrate a new optoelectronic 

technique for characterizing the dominant mechanisms 

of abnormal current-voltage properties in InAlAs/ 

InGaAs PHEMTs. We employed a sub-bandgap optical 

source with hν=0.799eV (λ=1551nm), which is non-

responsive to epitaxial layers except the InGaAs channel 
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layers, modulating the optical power (Popt) from dark to 

Popt =2.51mW(+4dbm). 

 

II. FABRICATION AND CURRENT-VOLTAGE 

CHARACTERISTICS OF PHEMTS UNDER DARK 

The MBE-grown epitaxial  s tructure of  the 

characterized double heterostructure InAlAs/InGaAs/ 

InAlAs PHEMTs on InP wafer with a V-shaped gate 
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Fig. 1. Epitaxial structure and schematic energy band diagram 

of probed InAlAs/InGaAs PHEMTs with W/L=200µm/1µm 

and Lgs=Lgd=1µm. 
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(a) ID-VDS characteristics under dark 
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(b) IG-VDS characteristics under dark (with an equivalent circuit 

as an insert) 
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(c) Peak-(VGS,P) and onset-gate voltages (VGS,II) of the 

impact ionization under dark. 

 

Fig. 2. Drain and gate current-voltage characteristics of 

PHEMTs under dark.  

 

(W=2x100µm, Lg=1.0µm) is shown in Fig. 1. Wet 

chemical etching and conventional optical lithography 

processes were employed for the fabrication of PHEMTs. 

Between the undoped In0.52Al0.48As barrier layers, 

lattice-matched In0.52Ga0.47As (Eg~0.62eV) and 

pseudomorphic In0.65Ga0.35As (Eg~0.75eV) layers were 

sandwiched as a high mobility conducting channel in the 

PHEMT. We also note that the InGaAs channel layers 
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are photoresponsive for the band-to-band excess carrier 

generation to the optical source with the sub-bandgap 

photon energy (hν=0.799eV) while InP and InAlAs 

layers are transparent to it. We may also expect that there 

is a spatial (real space) transfer of carriers from the 

channel layer to adjacent layers overcoming the band 

discontinuities in the conduction and valence bands 

(∆EC~0.5eV, ∆EV~0.2eV in In0.52Al0.48As/In0.65Ga0.35As 

heterostructure). 

The current-voltage characteristics of PHEMTs 

without optical excitation (Popt=0mW) were probed at 

room temperature (T=300K), and, the drain and gate 

currents (ID and IG) are shown in Fig. 2(a) and (b) as a 

function of the drain and gate voltages (VDS and VGS) : 

(ID-VDS curve; VGS=-1.2~+0.8V and IG-VGS curve; 

VDS=0.1~1.1V). The saturated drain current (IDSS), the 

maximum transconductance (gm,max), and the threshold 

voltage (VT) under dark condition (Popt=0 mW) were 

measured to be IDSS=150 mA/mm, gm,max=220 mS/mm (at 

VDS=1.2V), and VT ≅ -0.95V, respectively. As typically 

observed in short-channel InP-based PHEMTs, a channel 

length modulation was also observed. Typical values of 

the common-source current gain cut-off frequency (fT) 

and maximum oscillation frequency (fmax), from devices 

on the same wafer, were neasured to be fT=30GHz and 

fmax=48GHz, respectively. 

Under low drain voltages, the reverse gate current in 

the IG-VGS curve is mainly caused by the thermionic- 

field emission and the field-assisted tunneling in addition 

to the thermal generation of carriers in the depletion 

region under the gate [1-5]. We note that the negative 

bell-shaped gate leakage is observed in the IG-VGS 

characteristics under high drain voltage over VDS>0.7V. 

This is known to be caused predominantly by the 

successive collection of generated holes due to the 

impact ionization by hot channel electrons under a high 

electric field [1-2]. 

From the ID
1/2-VGS characteristics, it seems that two 

PHEMTs, with two different threshold voltages and 

transconductances, are connected in parallel. Main 

contribution of the PHEMT (region-A), with a high 

conductivity InGaAs channel layer, has VT~-0.95V while 

a poor performance satellite FET (sFET: region-B), 

probably due to a parasitic conduction layer as a 

MESFET with an InAlAs doped layer, has VTs~-2.0V 

under dark condition. Equivalent circuit of the device 

under test is shown in Fig. 2(b) as an insert. 

The gate current can be grouped into 3 distinct regions. 

In the region-A, the gate current is expected to be 

governed by the minority carrier diffusion current (IG,S), 

thermal generation current (IG,GnR) in the depletion 

region, and a possible contribution of the tunneling 

current (IG,Tunnel) as well as the impact ionization (IG,II) 

under high drain bias. Under low drain bias, main 

contribution of the gate current in this region-A is due to 

IG,S and IG,GnR. However, it is predominantly governed by 

the impact ionization (IG,II) under high drain bias above 

VDS>0.7V which is expected to depend strongly on the 

device strure. In the region-B, on the other hand, the 

reverse gate leakage current is expected to be governed 

by the thermionic field emission (IG,TFE) component in 

addition to the thermally generated current (IG,GnR) in the 

extended depletion with elevated reverse gate bias. In the 

region-C with a positive gate bias, the main contribution 

of the gate current is expected to be the thermionic 

emission (IG,TE) due to enhanced injection of carriers 

over the built-in energy barrier and, therefore, a quasi-

exponential increase of the gate current is observed. In 

the region-B, the parasitic transistor sFET governs the 

drain leakage current while the PHEMT with InGaAs as 

a channel layer is the dominant current-controlling path 

in this structure. The onset of the impact ionization can 

be explained by the onset/turn-on of the PHEMT 

overcoming the satellite FET as a parasitic leakage path 

with a poor channel conductivity. 

The peak gate voltage (VGS,P at which the reverse gate 

current shows a peak value) and the onset-gate voltage 

of the impact ionization (VGS,II at which the reverse gate 

current starts to abruptly increase probably due to the 

impact ionization under high drain voltage) are 

summarized in Fig. 2(c) as a function of VDS under dark 

condition. They show 
, 0.43 0.31GS P DSV V= − −  and 

, 0.62 0.31GS II DSV V= − −  as a linear function of VDS with the 

same VDS-dependence (slope=-0.31 V-1). This is mainly 

due to the accelerated electric field and increased 

probability of impact ionization resulting a parallel shift 

of them with VDS. Peak gate voltage VGS,P shows a 

parallel shift from the VGS,II because the impact 

ionization and resulting the gate current depend on both 

the number of available carriers and the strength of the 

accelerating electric field for high kinetic energy in the 

conducting InGaAs channel layer.  
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III. SUB-BANDGAP OPTOELECTRONIC 

CHARACTERIZATION OF THE GATE CURRENT 

Optoelectronic characteristics of PHEMTs under a 

sub-bandgap photonic excitation were probed as a 

function of the optical power and compared with those 

under dark condition. We observed that the transcon-

ductance (gm=∂Id/∂Vgs) is observed to be gm,max=220 

mS/mm and independent of the optical power over 

Popt=0~2.51mW (+4dbm). The cleaved optical fiber, for 

delivering the optical power, has an illumination 
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Fig. 3. Drain current-gate voltage characteristics of PHEMTs 

under optical excitation (Popt=0~2.51mW with hν=0.799eV). 
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(a) IG-(VGS, Popt) : gate leakage current in the PHEMT with a 

specific drain voltage 
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(b) IGSD-( VGSD, Popt) : gate current of PHEMTs with a short-

circuited source & drain. 

 

0.0 0.5 1.0 1.5 2.0 2.5
-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

V
GS,P

=-0.76-0.39P
opt

V
GS,II

=-1.02-0.39P
opt

V
GS,II

V
GS,P

G
at

e 
V

ol
ta

g
e,

 V
G

S
,p
 a

nd
 V

G
S

,II
on

 [V
]

Optical Power, P
opt

 [mW]

 V
GS,P

 V
GS,II

 
(c) Peak-(VGSP) and onset-gate voltages (VGS,II) of the impact 

ionization under illumination. 

 

Fig. 4. Gate leakage current-voltage characteristics of pHEMTs 

under optical excitation (Popt=0~2.51mW with hν=0.799eV) . 

 

diameter φ~60µm and covers the surface of the PHEMT 

under characterization. We note that only the InGaAs 

channel layer, among all other layers in the InAlAs/ 

InGaAs PHEMT, is optically responsive for the band-to-

band excitation to the optical input with a sub-bandgap 

photon hν=0.799eV. We also note that traps and interface 

states at the heterojunctions in the PHEMTs are also 

photoresponsive and may contribute to the gate and drain 
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currents, especially with a subthreshold gate bias, under 

this sub-bandgap photonic excitation [6]. 

Drain current response (ID-VGS) under a sub-bandgap 

photonic excitation is shown in Fig. 3 as a function of 

the gate bias for VDS=0.1 (linear mode) and 1.2V 

(saturation mode). We note that there is a significant 

change in the drain current with Popt in the sub-threshold 

and negative gate bias (VGS<0V) while a negligible 

change in the above-threshold drain current of the gate 

bias for both small (VDS=0.1V) and large (1.2V) drain 

biases. This implies that carriers excited from the traps in 

the heterojunction interface may be partially responsible 

for this observation, especially in the subthreshold gate 

bias, under a sub-bandgap photonic excitation with 

hν<Eg. 

Gate current characteristics (IG-VGS) under sub-

bandgap photonic excitation are shown in Fig. 4(a) in 

parallel with a gate current in the diode configuration 

(short-circuited source and drain) of the PHEMT in Fig. 

4(b). Contrary to the drain current, we observed a 

significant change in the gate current with Popt in 

saturation region under a large drain bias while a 

negligible change in the linear region under a small drain 

bias. We note that the negative humps under negative 

gate bias and large drain bias under dark condition is 

disappeared in the IG-VGS characteristics with a sub-

bandgap photonic excitation over Popt=-3dbm to +4dbm. 

Popt-dependent change of the peak and onset voltages 

(VGS,PO and VGS,IIO) of the PHEMT as a function of the  
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(a) ∆ID-(-(VGS, Popt) 
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(b)  ∆IG--(VGS, Popt) 
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(c) ∆IG /∆ID-(-(VGS, Popt) 

 

Fig. 5. Drain and gate current change with optical excitation 

(Popt=0.5~2.51mW) at VDS=1.2V compared with dark condition 

(∆ID=ID-ID,Dark, ∆IG=IG-ID,Dark).  

 

optical excitation in Fig. 4 (c). 

Under optical input with Popt in mW, they show 

, 0.76 0.39GS Po optV P= − − and 
, 1.02GS IIV = −  

0.39 optP− as a linear function of Popt and the same Popt-

dependence (Slope=-0.39 mW-1) is observed for both 

VGS,P and VGS,II. From this, we obtain a parallel/linear 

shift of VGS,P and the onset gate voltage VGS,II with the 
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optical power. This is expected to be due to the 

photovoltaic effect under the sub-bandgap optical 

excitation of excess carriers in the InGaAs channel and 

additional excess carriers excited from the interface traps 

at the heterojunction interfaces. We also note that there is 

a significant shift of the threshold voltage and increase 

of the drain current in sFET and PHEMT with the 

photonic excitation under low VDS while a considerable 

change of the drain current in sFET, but negligible 

change of VT and ID under large drain bias. This is also 

expected to be partially due to the photonic modulation 

of the parasitic resistances under sub-bandgap optical 

illumination. This is also observed in the ID-VDS curves 

of PHEMT under photonic excitation. 

From this observation, the physical mechanism 

generating the negative bell-shaped gate current is not 

solely attributed to the impact ionization. If the main 

cause of the negative bell-shaped gate leakage current is 

only the impact ionization, the gate current at the peak 

current and the onset of the impact ionization in the 

region-A should be considerably increased due to the 

contribution of the optically pumped excess channel 

carriers under optical input. However, as shown in Fig. 5 

(a), (b), and (c), the gate and drain current under optical 

input doesn’t show significant change in the region-A. 

There is no close relation between the change in the gate 

current and that in the drain current. We see significant  

 

Table I. Ideality factors (η) and saturation currents as a 

function of the photonic excitation (Popt) in the gate current in 

each region modeled as ( )expGA GAo GS A thI I V Vη= − −  and 

( )expGB GBo GS B thI I V Vη= − − . 

 

(a) Under low VDS
 (0V or source-and-drain short-circuited) 

 Dark -3dbm -1dbm +1dbm +4dbm 

IGAo 4.3x10-9 4.3 x10-9 4.3x10-9 4.3x10-9 4.3x10-9 

ηA 7.58 5.66 5.33 5.11 4.95 

IGBo 4.5x10-8 6.5x10-7 1.1x10-6 1.4x10-6 1.7x10-6 

ηB 41.0 66.7 66.7 66.7 66.7 

 

(b) Under high VDS (1.2V) 

 Dark -3dbm -1dbm +1dbm +4dbm 

IGAo ~3.0x10-7 ~3.0x10-7 ~3.0x10-7 ~3.0x10-7 ~3.0x10-7 

ηA 12.3 12.1 11.9 11.63 11.01 

IGBo 6.7x10-8 7.1x10-7 1.2x10-6 1.5x10-6 2.1x10-6 

ηB 36.0 63.4 63.4 63.4 63.4 

 

change of the gate current in the region-B while 

considerable change of the drain current in the region-A 

under sub-bandgap photonic excitation. 

We also investigated the ideality factor of the gate 

current in each region and summarized in Table I for (a) 

a low drain bias : VDS=0.1V and (b) high drain bias : 

VDS=1.2V. The gate current in the region-A (IGA) and the 

region-B (IGB) can be modeled with the ideality factors 

(ηA&ηB) and the saturation currents (IGao&IGBo) as 

( )expGA GAo GS A thI I V Vη= − −  and expGB GBoI I= −  

( )GS B thV Vη− . 

Under low VDS, the saturation current (IGAo) of the 

reverse gate leakage in the region-A is almost fixed at 

IGAo~4.3x10-9[A] (for Popt=dark ~ +4dbm) while the 

ideality factor (ηA) is significantly modulated by the 

optical input (ηA|dark=7.58 ~ ηA|+4dbm=4.95). However, 

both the reverse saturation current (IGBo) and the ideality 

factor (ηB) in the region-B are significantly modulated 

(IGBO|dark=4.5x10-8[A] ~ IGBO|+4dbm=1.7x10-6[A], ηB|+4dbm= 

41.0 ~ ηB|+4dbm=66.7) by the sub-bandgap optical exci-

tation. Under large VDS, Popt-dependent variations of the 

reverse gate saturation current and the ideality factors 

show the same dependence on the optical power as those 

under low drain bias.  

 

IV. CONCLUSION 

Optoelectronic gate and drain characteristics of 

InAlAs/InGaAs pseudomorphic HEMTs have been 

investigated as a function of sub-bandgap optical power 

with hν=0.799eV. Abnormal gate leakage under reverse 

bias, including the bell-shaped negative humps in the IG-

VGS curves under a large drain bias, and associated 

physical mechanisms were characterized. VDS-, VGS-, and 

Popt-dependent variation of the anomalous gate and 

subthreshold drain current, and associated physical 

mechanisms in the PHEMTs have been characterized. 

Peak gate voltage and the onset voltage for the impact 

ionization have been extracted and their linear 

relationship with VDS and Popt have been empirically 

modeled. Electrical characteristics under dark and sub-

bandgap photonic characterization, as a function of Popt 

with hν=0.799eV, have been comparatively combined 

and related mechanisms have been analyzed. We expect 
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that this sub-bandgap photonic characterization can be 

applied to the investigation of physical mechanisms 

related to the gate leakage, the subthreshold drain 

leakage, and the interface states at the heterojunction of 

PHEMTs. 
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