
808 IEEE ELECTRON DEVICE LETTERS, VOL. 26, NO. 11, NOVEMBER 2005

Analysis of Active Matrix GaN-Based HFET Switch
Circuits Integrated With GaN LED Micro-Displays

Ghien An Shih and Jian Jang Huang, Member, IEEE

Abstract—We demonstrate a novel GaN-based heterojunction
field effect transistor (HFET) active-matrix circuit for an light-
emitting diode (LED) microdisplay. Simulation results are shown
with basic and improved circuits. Variations of process and ma-
terial growth conditions are discussed by correlating device pa-
rameters with LED flow currents in this circuit. It shows that the
HFET-LED control circuit approach provides a stability path to
mitigate variations of LED currents during operations.

Index Terms—GaN, heterojunction field effect transistor
(HFET), light-emitting diode (LED), microdisplays.

I. INTRODUCTION

WHITE-LIGHT light-emitting diodes (LEDs) have, re-
cently, become an emerging technology for general

lighting [1]. The LED arrays can also be used as microdisplays,
which have the applications for projection displays, impaired
eye cornea replacements, etc. T[2]–[4]. To lighten up an LED
pixel in an array, passive matrix addressing method is generally
employed [5]. Rows are selected one by one with a current im-
posed to each pixel of that row to obtain the desired brightness.
The main disadvantage of the passive matrix addressing is that
a high current is needed to achieve high peak luminance. And
such a high current is one of the limiting factors of pixel life-
times and also numbers of rows and columns in a microdisplay.
Furthermore, the nonuniformity of pixel brightness caused by
the variations of turn-on voltages of LEDs is also a disadvantage
of this passive-matrix addressing method. Therefore, a new
pixel driving scheme is necessary to improve power efficiency
and device uniformity of an LED microdisplay.

To apply LED arrays to microdisplays, we propose a novel
active heterojunction field-effect transistor (HFET)-LED ap-
proach which is similar to thin film transistor-liquid crystal
display (TFT-LCD). In this approach, GaN-based HFETs are
embodied monolithically with GaN-based blue LEDs. Both
HFET switches and LEDs share the same substrate (either
SiC or sapphire) so that pixels of the blue LED array can be
separately controlled by HFET switches. The active matrix
approach has the advantage of less power consumption on the
conducting metal strips and thus higher power efficiency since
only the selected pixel is on. We believe this is the first time
an active LED matrix addressing approach is proposed and
simulated.
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In this letter, we first simulate currents flowing through LEDs
at both on and off states with HFET control switches. We next
propose an improved switch circuit and then discuss the LED
current dependence on the LED threshold voltage
and contact resistance. The variation of HFET threshold voltage

is also described. Simulation results, based on the
device performance measured for an LED and an HFET, indi-
cate that the proposed circuit has high immunity to the variation
of threshold voltages of GaN-based HFETs and AlGaN/GaN
LEDs.

II. DEVICE MODELS AND SIMULATION TOOLS

The fully integrated nitride based active matrix HFET-LED
microdisplays can be realized with an LED p-i-n layer struc-
ture grown on top of an HFET structure. Contact and intercon-
nect metal pads are deposited on suitable layers after etching
processes.

We use an automated integrated circuit modeling-Spice
(AIM-SPICE) analog-circuit simulator to simulate the current
waveforms flowing through the LED. The LED device parame-
ters in this simulation are referred from [6] and [7] while HFET
model is from [8], [9]. The series resistance of an LED is 26
and its threshold voltage is about 3.45 eV. The mesa area of
an HFET is around 120 100 m while 300 300 m
for an LED. The on-state resistance and breakdown voltage
of an HFET are 40 m cm and 60 V, respectively. And the
HFET leakage current in the pinchoff region under source/drain
voltages of interest is approximately 0.4 A [10].

III. SIMULATION RESULTS AND DISCUSSIONS

A. Basic Circuit

The basic control circuit for a LED microdisplay is very sim-
ilar to that for the TFT-LCD. We use an active matrix circuit
shown in Fig. 1(a). The GaN-based HFET (T1) behaves as a cur-
rent source controlled by the data voltage while the HFET
T2 acts as a switch transistor. The voltage across of T1 is
stored in C1. R is the series resistance of an LED (26 ). When

becomes high at a certain time interval, T2 is turned on.
And then the signal of is transferred to the gate of T1. As-
suming T1 is biased sufficiently to stay in saturation, the drain
current is determined only by the gate-source voltage of T1.
The LED device will be turned on when is high and will be
biased at a constant current determined by T1. Since the n-type
HFET is a normally on device, the operation of HFET-LED ar-
rays is different from that for normally off TFT operation. The
gate bias voltage for the switch transistor is typically 0 V for
normally off TFTs while a negative bias is applied for HFETs.
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Fig. 1. (a) Basic GaN-based HFET-LED active matrix circuit for LED
microdisplays. (b) An alternative circuit to suppress leakage currents at the off
state. (c) Simulated LED currents [left (for circuit in (a)], right [for circuit in
(b)].

In our case, is biased at V during the off-state of
the pixel. The power consumption can be neglected when T2
is complete off. The result is shown in the left part of Fig. 1(c).
The main problem with this simple driving scheme is the 15 mA
leakage current in the off state. When line is selected on
but line is off, T2 can not be turned off completely due
to the negative threshold voltage property of the depletion mode
n-HFET. Thus, the data transferred into the gate of T1 leads to
unavoidable currents flowing into LEDs, causing a leakage cur-
rent. In this case, some LED pixels are mistakenly on when they
are supposed off. To resolve the problem, we present an alter-
native circuit.

B. An Alternative Circuit to Suppress the Leakage Current

As shown in Fig. 1(b), we include one more switch, T3,
to control the on and off states. We use two selection lines

and one data line . When and
lines are both high and is low, the data signal is

transferred into the gate of T1. The LED remains in the off-state
until the data voltage becomes high. Although the additional T3
can limit the LED current flow, it successfully suppresses the
leakage current in the off state [see the right part of Fig. 1(c)].

One of advantages of the HFET-LED switch circuits is their
ability to reduce the influence of device growth and process vari-

Fig. 2. (left) LED current with a normal LED threshold voltage
(V = 3:45 V). (right, dashed line,�13:06% change) LED currents with
110% V and (right, solid line, +13:22% change) with 90% V .

ations on the LED currents. For example, threshold voltages of
LEDs across the wafer are usually nonuniform. In our switch
circuit, the existing contact resistance of an LED provides a
feedback path to reduce variations of LED currents. During the
time the LED pixel encounters unexpected increase of currents,
it creates additional voltage drops across the contact resistor.
In Fig. 1(a) or (b), since the biased voltage is fixed, volt-
ages across transistors (T1 and T3) are decreased. The current
can thus be stabilized. In our active matrix circuit, % and

% changes of the of an LED result in around %
and % variations of LED currents (right side of Fig. 2). In
contrast, for a passive LED arrays which voltages are applied
directly across LED devices, variations of % result
in around 24% changes of LED currents under the same biased
voltage across LED terminals in our simulation. Therefore, the
active matrix circuits have the ability of better current compen-
sation due to the effects of feedback path from LED module to
transistors T1 and T3. The 46% (from 24% to 13% variations)
reduction of current variations can greatly ease the LED process
control during manufacturing. Also the stability feedback circuit
can relieve the impact of changes of the LED contact resistance.
Only % and % changes in LED currents were found
with % and % changes of contact resistance (not shown
in the figures), which is compared to % and %,
respectively, changes of LED currents for the passive LED array
with voltages applied directly across LED terminals.

Another issue that is commonly seen in the active matrix dis-
play is the variation of “switch” device performance across the
wafer. Among the device parameters of an HFET, vari-
ations usually result in variations of LED currents. An intuitive
way to mitigate LED current variations is to treat the contact re-
sistor of the LED as the feedback path again. This resistor con-
tact in the LED model provides a feedback to reduce voltage
and temperature impacts on current sources. The relationship
between LED currents and can be seen in the right
part from Fig. 3. Currents vary from % to % when

swings from V to V, assuming 0% change
of the current at V (the left part of Fig. 3).
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Fig. 3. (left) LED current under the normal HFET threshold voltage
(V = �2:1 V), (right, dashed line, +0:36% change) LED
currents with V = �2:6 V and (right, solid line, �0:56% change)
V = �1:6 V.

It shows that the HFET-LED switch circuit is relatively stable
under the conditions of process variations.

IV. CONCLUSION

A novel active matrix HFET-LED control circuit for an LED
microdisplay was discussed. It shows that this circuit provides
a stability path to mitigate variations of LED currents during
operations. Variations of LED currents are much smaller for ac-
tive matrix HFET-LED arrays than those for passive LED arrays
given changes of , and LED contact resistance. More-

over, the HFET-LED circuit is relatively stable from HFET de-
vice variations. The integration of HFET-LED device will create
a new research topic to accomplish the high performance LED
system, and yet at low cost.
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