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Abstract

The transient characteristics of GaN highly doped thin channel metal–semiconductor and metal-oxide–semicon-

ductor field effect transistors were investigated by switching the transistors from the OFF to the ON state. Transient

gated transmission line model measurements showed that the channel resistance under the gate remains constant and

the current collapse effects are linked to the transient variations of the series source–gate and gate–drain resistances,

similar to what was previously reported for GaN/AlGaN heterostructure field effect transistors. The transient tem-

perature measurements revealed that trapping processes responsible for the transient behavior cannot be described by

the activation mechanism. � 2002 Published by Elsevier Science Ltd.

1. Introduction

A recent report on GaN-based highly doped thin

channel metal–semiconductor field effect transistors

(HD-MESFETs) showed that their performance can

compete with that of AlGaN/GaN heterostructure field

effect transistors (HFETs), whereas these devices have

the advantage of a simpler epilayer structure [1].

One of the problems observed in GaN-based tran-

sistors is the current collapse (or current slump). As a

result, the output RF power, even measured under pulse

conditions, is always smaller than that expected from the

DC current–voltage characteristics [2].

Although the fundamental cause for the current col-

lapse is not completely understood, a number of expla-

nations have been proposed. For HFETs, traps at the

surface and/or in the AlGaN barrier layer were suggested

to be responsible for current collapse [3,4]. In GaN

MESFETs, electron trapping at the buffer layer beneath

the channel was suggested as a relevant mechanism [5,6].

Later, experiments showed that the traps can also be

located in and/or on the surface of GaN channel layer [7].

Recently, Simin et al. proposed a current collapse model

based on piezoelectric charge variations in the source–

gate and gate–drain regions due to the gate bias induced

non-uniform strain in AlGaN barrier layer [8].

In this article, we present the experimental results on

the transient characteristics of GaN HD-MESFETs and

highly doped thin channel metal-oxide–semiconductor

field effect transistors (HD-MOSFETs). Our results

show that these devices do exhibit the current collapse.

Although many features of this collapse are similar to

those in HFETs, the results discussed below also reveal

some important differences.
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2. Experimental details

The epilayer structures were grown by low-pressure

metal organic chemical vapor deposition (MOCVD) on

(0 0 0 1) sapphire substrates. The deposition of �2 lm of

nominally undoped GaN was followed by the growth of

a Si-doped GaN channel. The doping levels of the

channel extracted from capacitance–voltage charac-

teristics ranged from 5� 1017 to 1:5� 1018 cm�3 for

different wafers. The thickness of the channel was es-

timated to be �60 nm for all wafers. The measured

electron Hall mobility in the channel was close to

l ¼ 100 cm2/Vs. Prior to the HD-MOSFET fabrication,

a 7 nm SiO2 layer was deposited on a part of the het-

erostructures using plasma enhanced chemical vapor

deposition (PECVD). The fabricated HD-MESFETs

and HD-MOSFETs had the source–drain spacing of

4 lm and the gate length of 1:5 lm. More details of the
fabrication procedure can be found in Ref. [1].

The transient measurements were performed in the

common source configuration as shown in the inset in

Fig. 1. A probe station with tungsten probes was used to

provide contacts to the transistor pads. The time reso-

lution of the setup was better than 7 ns for both rise and

fall times.

3. Results and discussion

The current–voltage characteristics of the HD-

MESFETs and HD-MOSFETs were similar and differed

only in the threshold voltage, Vth, which was Vth ¼ �4 to
�5 V and Vth ¼ �7 to �8 V for HD-MESFETs and HD-
MOSFETs respectively. Fig. 1 shows the current–volt-

age characteristic of the HD-MESFET (the actual load

lines are also shown for the transient measurements at

different drain biases). The gate leakage current did not

exceed Ig ¼ 10 nA at drain bias Vd ¼ 8 V and gate bias

Vg ¼ �5 V for both types of transistors. The transmis-

sion line model (TLM) measurements showed that the

contact resistance Rc was negligible compared to the

channel resistance.

The HD-MESFETs and HD-MOSFETs under in-

vestigation were ‘‘normally-on’’ transistors. In order to

turn-off the transistor, a negative voltage pulse of the

amplitude higher than the threshold voltage was applied

to the gate.

During the turn-off process, no transient response

observed in any device in any regime.

When the negative input pulse ended, the drain cur-

rent first increased very fast up to the value of (0.6–

0.9)I0, and then slowly approached the steady state drain
current value I0. This slow transient process usually

takes 10–20 s. The time dependences of the normalized

drain current during the transient for several devices are

shown in Fig. 2. The measurements showed that, in

general, the difference between the amplitude and time

constant of HD-MESFETs and HD-MOSFETs on the

same wafer is not larger than the difference between

those values for the same type of devices. On the other

hand some HD-MOSFETs did not exhibit any current

slump while all HD-MESFETs presented it in some

level. Similar difference between AlGaN/GaN HFETs

and MOS-HFETs was reported before [9]. The absence

of the transient behavior in some MOS-structure tran-

sistors can be explained by a possible passivation of the

surface traps by SiO2.

Fig. 1. Typical I–V characteristics of HD-MESFETs and load

lines for measuring transient response. The inset shows the

schematics of the experimental setup.

Fig. 2. Transient response in linear regime (1) HD-MESFET

with Nd ¼ 1:5� 1018 cm�3, (2) AlGaN/GaN HFET (3) HD-

MESFET with Nd ¼ 1� 1018 cm�3, (4) HD-MESFET with

Nd ¼ 5� 1017 cm�3, (5) HD-MOSFET with Nd ¼ 1� 1018

cm�3. Inset shows the drain bias dependence of relative tran-

sient amplitude for a typical HD-MESFET.
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Fig. 2 also compares the transient data for AlGaN/

GaN HFETs. Detailed description of the AlGaN/GaN

HFETs. As it can be seen from the figure, the transient

for HD-MESFETs and HFETs are on the same order of

magnitude. Therefore it can be concluded that AlGaN

barrier layer is not responsible for the current collapse.

The inset in Fig. 2 shows the dependence of the

normalized current amplitude ðId0 � IdÞ=Id0 on the drain
voltage for a typical HD-MESFET. The values of

ðId0 � IdÞ=Id0 were taken at time Dt1 ¼ 0:1 s after the end
of the gate pulse.

The transient behavior of a typical HD-MESFET as

a function of temperature is illustrated in Fig. 3. As seen

in Fig. 3, single time constants can be only distinguished

in limited ranges of temperature and time. It is natural

to assume that a single trap is responsible for the re-

laxation with a certain time constant. Fig. 4 shows

the dependence of the characteristic time constant of the

current relaxation versus 1=kT (Arrhenius plot). The

lines in Fig. 4 show several slopes corresponding to

different activation energies. As can be seen, the exper-

imental Arrhenius plot cannot be approximated by a

straight line. Therefore the trapping process, which leads

to the current collapse, cannot be described by a simple

activation mechanism for a single trap.

Simin et al. [8] proposed a new method of studying

the current collapse using gated transmission line models

(GTLM) structures and applied this method to the

GaN/AlGaN HFETs. The same approach was used here

for the HD-MESFETs.

By neglecting the contact resistances, the total resis-

tance of a GTLM structure at any time of transient is

given by

RTðtÞ ¼ fðqO=W Þ � LGS þ ðqO=W Þ � LGDg þ ðqG=W Þ � LG

ð1Þ

whereW is the channel width, LG is the gate length, LGS
and LGD are the lengths of the gate–source and the gate–

drain regions, respectively, qO and qG are the sheet re-

sistance of the channel outside and under the gate of the

device, respectively. Fig. 5 shows the dependence of the

resistance as a function of distance between GTLM pads

measured under steady state condition and at the be-

ginning of the transient (Dt1 ¼ 0:1) for two structures

from the different wafers.

The slopes of the lines in Fig. 5 gives the channel

resistance under the gate, while the intercept RTðLG ¼ 0Þ
gives the total series resistance in the gate–source and

gate–drain openings. As seen in Fig. 5 the slopes of the

lines in Fig. 5 are the same for the same wafers. There-

fore the channel resistance under the gate remains un-

affected during the transient. Since the intercepts with

Fig. 3. Temperature dependence of the transient response in a

typical HD-MESFET.

Fig. 4. Arrhenius plot of the extracted time constants from

results of the temperature dependent measurements shown in

Fig. 3.

’

’

Fig. 5. Gate length dependencies of total resistance in linear

regime for two sets of GTLMs on two different wafers.

1,10––resistance measured during the transient at Dt ¼ 0:1 s;

2,20––steady-state resistance.
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the resistance axis are different, the time dependence of

the device resistance is controlled by the transient vari-

ation of the gate–source and the gate–drain series re-

sistances. The same result was obtained in [8] for GaN/

AlGaN (HFETs).

Our results are consistent with the stress model of the

current collapse reported in Ref. [8]. Indeed, in our

MESFETs, the vertical electrical field in the channel is

high when the devices are pinched off. And the field is

low when the channel is fully or nearly open. According

to the stress model, this change in the electric field causes

the change in strain and the resulting slow relaxation

and/or redistribution of polarization charges leading to

the current collapse effects. This result is also consistent

with the recent observations that the current collapse is

absent in AlInGaN/InGaN/GaN double HFETs, where

the vertical electric field remains nearly unchanged.

Our results also point out that in conventional Al-

GaN/GaN HFETs, MOS-HFETs and GaN MESFETs,

the current collapse phenomena might be reduced by

reducing the affected source–gate and gate–drain spac-

ing and, possibly, also by passivating these regions

which is consistent with the data reported.

Our temperature data clearly demonstrate that the

current collapse decreases with the temperature, which is

advantageous for high power devices operating at ele-

vated temperatures because of self-heating. This agrees

with the measured temperature dependence of the cur-

rent collapse in AlGaN/GaN HFETs.

4. Conclusions

We reported on the transient response of the GaN

HD-MESFETs, HD-MOSFETs and GTLMs, struc-

tures. Since very similar behavior was found for GaN/

AlGaN HFETs, the AlGaN barrier layer is not re-

sponsible for the slow current relaxation. The measure-

ments on the GTLM structures and the dependence of

transient amplitude on drain voltage indicate that drain–

gate and source–gate regions might cause the current

collapse. The transient behavior in the limited intervals

of the temperature and relaxation time can be deter-

mined by a single trap. However this trapping process

cannot be described by a simple activation mechanism.
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