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Abstract

The effects of sputtered and room temperature plasma enhanced chemical
vapour deposition (RT-PECVD) SiN, passivation on the dc and microwave
performance of AlIGaN/GaN high electron mobility transistors (HEMTs)
are studied. The pulsed /-V characteristics from a class B quiescent bias
point and transient measurements indicate that the sputtered SiN,
passivation is more efficient in suppressing lag effects in AlGaN/GaN
HEMTs. Dispersion-free sputtered SiN, passivated AlGaN/GaN HEMTs
were obtained using this technique. Continuous-wave (CW) measurements
without active cooling give a maximum output power density of

6.6 Wmm™! at Ves = =4V, V4 = 50 V and a maximum power added
efficiency of 51.3% at Vys = —4 V, V4o =30 V at 3 GHz on 2 x 50 um
AlGaN/GaN HEMTs on the sapphire substrate, with a gate length of 2 um
and without field-plated gates. To the best of our knowledge, this is the
highest level power density reported on the sapphire substrate without
field-plate design. The extrinsic cut-off frequency (f;) and maximum
oscillation frequency (finax) are 51 GHz and 100 GHz, respectively, on 2 x
50 x 0.15 um HEMTs. To our knowledge, the sputtered SiN, passivation
for AlGaN/GaN HEMTs is a unique technique, which has never been

published before.

1. Introduction

GaN based field-effect transistors (FETs) have attracted
considerable attention due to their excellent performance for
microwave, high power and high temperature applications. In
particular, the AIGaN/GaN heterostructure is technologically
interesting since it combines the excellent III-nitrides material
properties and a considerable spontaneous and piezoelectric
polarization inducing charging of the 2DEG formed at
the interface [1], making it suitable for the realization
of high electron mobility transistors (HEMTs) for high
power and high frequency operation [2—4]. However, this

0268-1242/07/070717+05$30.00 © 2007 IOP Publishing Ltd Printed in the UK

polarization mechanism also introduces the surface trapping
state problems which result in current slump problems,
limiting the microwave power performance of the device
[5,6].

The performance of the AlGaN/GaN HEMTs is often
limited by trapping effects occurring either both at the AlGaN
layer and surface or in bulk GaN epitaxial layers [5, 6]. Unlike
the bulk defects, the activity and number of the surface trapping
centres could be mitigated during processing by appropriate
device passivation. Consequently, much research has been
devoted lately to the development of efficient passivation
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Table 1. Description of samples (process splits and parameters).

Material Gate length ~ Source—drain
Name no. Passivation  (um) spacing (um)
Sample 1 1 Sputtered 2 10
Sample 2 1 PECVD 2 10
Sample 3 2 Sputtered 2 and 0.15 10 and 2

materials and processes, e.g. MgO, Al,O3;, SiN, AIN and
SiO; [7-13]. Binari ef al, in a first systematic investigation,
demonstrated that the presence of traps at the surface explains
the gate-lag problem seen in the gate recovery transient
measurement [5]. They also showed that no passivation would
result in current collapse, since the trapping sites are not
eliminated at the surface or AlGaN Schottky layer [5]. Similar
experimental results can also be found in several passivation
investigations [7—10].

In this work, sputtered and PECVD deposited silicon
nitride (SiN,), two intrinsic different process techniques were
studied for passivation of AlIGaN/GaN HEMTs. We use the
transient measurement technique (the gate voltage is stepped
from Vinen to 0V at a given constant drain bias and resulting
transient drain current is monitored) to quantify the surface
state with different passivation techniques. The sputtered SiN,
passivation is a unique technique to AlGaN/GaN HEMTs,
which has never been published in the literature before. The
suitability of these passivation layers was investigated by
dc, pulsed I-V, transient and load pull measurements. The
main focus of this paper is on the sputtered physical vapour
deposition SiN, passivation AlIGaN/GaN HEMT performance
and the relations between pulsed /-V and power measurement
results. The comparison of the chemical vapour deposition
and physical vapour deposition SiN, passivation AlGaN/GaN
HEMT performance is also demonstrated.

2. Experiment

The AlGaN/GaN heterostructures were grown on a sapphire
by metal-organic chemical-vapour deposition (MOCVD)
by RF Micro Devices Inc. (material 1) and NTT Basic
Research Labs (material 2). They consisted of a 2 um
thick, unintentionally doped GaN buffer layer followed by
undoped 25 nm and 30 nm Aly3Gap;N on materials 1
and 2, respectively. The sheet carrier concentration and
electron mobility determined by Hall measurements were 9 x
102 cm™2 and 900 cm? (V s)~!, and 1 x 10" cm™2 and
1100 cm? (V s)~! on materials 1 and 2, respectively.

The HEMTs were then fabricated using an in-house
process at Chalmers University. The epiwafers were first
cleaned using a standard degreasing procedure and standard
RCA cleaning. The mesas were etched by chorine based
inductively coupled plasma reactive ion etching (ICP-RIE).
Ohmic contacts for the source and drain were formed by
e-beam evaporation of a Ti/Al/Ni/Au multilayer followed
by rapid thermal annealing (RTA) in a nitrogen environment
at 800 °C. A typical contact resistance of 0.2 2 mm was
measured on the chip using TLM patterns. In this study,
three samples were used and their variables are summarized in
table 1.
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The 2 x 50 x 2 um? gates were defined in the middle
of the 10 um source—drain spacing on all samples. The 2 x
50 x 0.15 um? gates were defined in the 2 m source—drain
spacing on the chip of material 2 (sample 3). The Ni/Au gate
metallization was deposited by e-beam evaporation. The chips
were later passivated by two differently processed, 80 nm thick
SiN, layers. One piece of material 1 (sample 1) and one piece
of material 2 (sample 3) were passivated with an optimized
sputtering process with a Si target and constant N,/Ar
(8/30 sccm) gas flow in the sputter system (Balzer PLS 550).
The other sample of material 1 (sample 2) was passivated with
a PECVD process with constant SiH4/N,/Ar (8/20/50 sccm)
gas flow in the Oxford PECVD system. The refractive indices
of the two different SiN, films were both measured to be
2.04 (with Woolam M2000 ellipsometer at a wavelength of
634 nm). Finally, the dielectric layer was opened on the
probing pads with a fluorine-based RIE process.

3. Results and discussion

3.1. Pulsed I-V characteristics

In order to investigate the trapping of electrons in the epi-
structures and surface, the dynamic properties of the HEMTs
were evaluated using a pulsed /-V system (Accent DiVA D225)
[14, 15]. Comparing the dc and pulsed /-V characteristics
of the HEMTs is a very useful way to check the charge
trapping problems introducing gate- and drain-lag phenomena
in semiconductor devices. The choice of pulse width is
very important in the dynamic pulsed measurement study and
revealed very different results [16]. Normally, a pulse width of
100 ns to 1 ms is suitable to investigate the trapping problems
in semiconductors with sufficient accuracy in the current
measurement. In this time region, the shorter pulse time is
more efficient to remove the channel self-seating problem
and also more efficient to reveal the trapping phenomenon
[16].

In this study, a pulse width of 100 ns (the limitation of the
instrument) and 0.1% duty cycle were applied to investigate
the lag problems in the AIGaN/GaN HEMTs. Figure 1 shows
two different measurements: the dc, and the pulsed from
Ves = Vpinch» Vas = 20 V (a class B operation bias). The
class B bias point is an effective way to clarify the gate-lag
and drain-lag effects at the same time [14, 15]. Less current
collapse was observed in the HEMTs with sputtered SiN,
passivation (sample 1) (figure 1(a)) compared to the PECVD
passivation (sample 2) (figure 1(b)). These results indicate
that the sputtered SiN, passivation has a better surface charge
trapping recovery efficiency compared to the PECVD SiN,
used in this work. We can distinguish the improvement in
surface passivation, since the trapping states in the GaN bulk
layer should be the same for samples 1 and 2 (both from
material 1). For sample 3 (figure 1(c)), there was almost no
current collapse problem. These results indicate that material 2
has better surface and AIGaN Schottky layer quality and fewer
trapping states in the GaN buffer layer.

3.2. Transient characteristics

Gate lag is attributed to surface states acting as electron traps
located in the un-gated areas between gate and drain [5, 16].
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Figure 1. DC (solid line) and pulsed (dashed line) I-V
characteristics of the sputtered (sample 1) (a), the PECVD SiN,
passivated HEMTs (sample 2) (b) and sputtered SiN, passivated
HEMTs (sample 3) (c).

Transient measurements (with Accent DiVA D225 [15])), i.e.
stepping the gate voltage from Vii,cn, to 0 V at a given constant
drain bias and monitoring the resulting transient drain current,
Ir, is one way of investigating these states. Figure 2 shows
current recovery, defined as the ratio of the transient drain
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Figure 2. Transient characteristics of AIGaN/GaN HEMTs at V4, =
3 V with different passivations: sample 1 (a), sample 2 (b) and
sample 3 (¢).

current (/1) and the dc current (/4.). More than five devices
were measured to generate the error bars in figure 2. The
current recovery (I1/l4.) for the sputtered passivation devices
in figure 2(a) shows a much shorter time constant compared
to the PECVD passivation devices in figure 2(b), i.e. the
sputtered SiN, passivation technique shows better elimination
efficiency of surface charge trapping effect. Figure 2(c) shows
a very good current recovery for material 2, revealing the
difference of the different epi-wafers. This shows that both
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Table 2. Comparison of large signal performance at 3 GHz.
Gate
Prax PAE length
Name Wmm™) (%) Passivation  (um) Figure
Sample |  4.0° 36° Sputtered 2 3(a)
Sample 2 3.1° 21* PECVD 2 3(a)
Sample 3 6.6" 51*  Sputtered 2 3(b)
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Figure 3. Power sweep of AIGaN/GaN HEMTs with sputtered (S)
(sample 1) and PECVD (CVD) (sample 2) SiN, passivation at Vg5 =
30 Vand Vo = —3 V (a) and sputtered SiN, passivated
AlGaN/GaN HEMTs at Vg =50 V and Vg = —4 V (b).

the surface passivation process (comparing samples 1 and 2)
and the epi-growth (comparing samples 2 and 3) affect the gate
lag. Nevertheless, the obvious difference shown in figures 2(a)
and (b) still provides clear evidence that the proper passivation
process can apparently reduce the gate-lag problems in the
devices even in the material suffering from surface trapping
effects.

3.3. RF performance

The large signal performance of the devices was evaluated by
CW load pull measurements at 3 GHz without active cooling.
The measurements are summarized in table 2 and shown in
figure 3.
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These measurements show that the HEMTs passivated by
sputtered SiN, have better large signal performance. These
results are in accordance with the different trapping effects
revealed by the pulsed and transient measurements (figure 2).

The 2 x 50 x 0.15 um gate devices exhibited an extrinsic
cut-off frequency (f;) and maximum oscillation frequency
(fmax) of 51 GHz and 100 GHz, respectively, calculated from
s-parameters measured up to 50 GHz. These results show
that the sputtered SiN, passivation is also suitable for the high
frequency application.

4. Conclusion

Sputtered and PECVD SiN, passivations for AlGaN/GaN
HEMTs were investigated. The output power density and
power added efficiency could be directly correlated to the gate-
and drain-lag characteristics of the different passivations. The
sputtered SiN, passivation was shown to be a good candidate
for passivation of microwave power AlGaN/GaN HEMTs,
since it efficiently reduced the surface trapping effect on the
AlGaN/GaN HEMTs. To our knowledge, the sputtered SiN;,
passivation for AIGaN/GaN HEMTs is a unique technique,
which has never been published in the literature before.
AlGaN/GaN HEMTs grown on a sapphire, without field
plate and sputtered SiN, passivation have a maximum output
power density of 6.6 W mm~! and a maximum PAE of 51.5%.

Acknowledgments

The authors at NCTU would like to acknowledge the Ministry
of Education and the Ministry of Economic Affairs, and
the National Science Council of the Republic of China for
supporting this research under the contracts: NSC 94-2752-
E-009-001-PAE and 94-EC-17-A-05-S1-020. The authors at
Chalmers University of Technology acknowledge the support
from the CHARMANT research center funded by the Swedish
Foundation for Strategic Research (SSF).

References

[1] Mishra U K, Parikh P and Yi-Feng Wu 2002 AlGaN/GaN
HEMTs—an overview of device operation and applications
Proc. IEEE 90 1022-31

[2] Wu Y F, Saxler A, Moore M, Smith R P, Sheppard S,
Chavarkar P M, Wisleder T, Mishra U K and Parikh P 2004
30-W/mm GaN HEMTs by field plate optimization IEEE
Electron Device Lett. 25 117-9

[3] Chini A, Buttari D, Coffie R, Heikman S, Keller S and
Mishra U K 2004 12 W/mm power density AlGaN/GaN
HEMTs on sapphire substrate Electron. Lett. 40 73—4

[4] Higashiwaki M, Mimira T and Matsui T 2006
High-performance short-gate InAIN/GaN heterostructure
field-effect transistors Japan. J. Appl. Phys. 45 1.843-5

[5] Binari S C, Ikossi K, Roussos J A, Kruppa W, Park D,
Dietrich H B, Koleske D D, Wickenden A E and Henry R L
2001 Trapping effects and microwave power performance
in AlGaN/GaN HEMTS [EEE Trans. Electron Devices
48 565-71

[6] Vetury R, Zhang N Q, Keller S and Mishra U K 2001 The
impact of surface states on the DC and RF characteristics of
AlGaN/GaN HFETSs [EEE Trans. Electron
Devices 48 560-5


http://dx.doi.org/10.1049/el:20040017
http://dx.doi.org/10.1109/16.906437
http://dx.doi.org/10.1109/16.906451

DC and microwave performance of AIGaN/GaN HEMTs passivated with sputtered SiN,

[7] Gillespie J K et al 2002 Effects of Sc,03 and MgO passivation
layers on the output power of AlGaN/GaN HEMTs [EEE
Electron Device Lett. 23 505-7

[8] Tilak V, Green B, Kim H, Dimitrov R, Smart J, Schaff W J,
Shealy J R and Eastman L F 2000 Effect of passivation on
AlGaN/GaN HEMT device performance Proc. IEEE 27th
Int. Symp. on Compound Semiconductors
pp 357-63

[9] Hashizume T, Ootomo S and Hasegawa H 2003 Al,O;-based
surface passivation and insulated gate structure for
AlGaN/GaN HFETs Appl. Phys. Lett. 83 29524

[10] Kordos P, Kuidela P, Gregusova D and Donoval D 2006 The
effect of passivation on the performance of AIGaN/GaN
heterostructure field-effect transistors Semicond. Sci.
Technol. 21 15926

[11] LiuY, Bardwell J A, McAlister S P, Rolfe S, Tang H and
Webb J B 2002 Surface passivation of AIGaN/GaN HFETs
using AIN layer deposited by reactive magnetron sputtering
Phys. Status Solidi ¢ 0 6973

[12] Gaftey B, Guido L J, Wang X W and Ma T P 2001
High-quality oxide/nitride/oxide gate insulator for GaN
MIS structures /EEE Trans. Electron Devices 48 458—64

[13] Tan W S, Houston P A, Parnrook P J, Hill G and Airey R J
2002 Comparison of different surface passivation dielectrics
in AIGaN/GaN heterostructure field-effect transistors
J. Phys. D: Appl. Phys. 35 595-8

[14] ChuR, Zhou Y, LiuJ, Wang D, Chen K J and Lau K M 2005
AlGaN—-GaN double channel HEMTs /EEE Trans. Electron
Devices 52 438-46

[15] Desmaris V, Rudzinski M, Rorsman N, Larssen P R, Zirath H,
Rodle T C and Jos H F F 2006 Comparison of the DC and
Microwave performance of AIGaN/GaN HEMTs grown on
SiC by MOCVD with Fe doped of unintentionally doped
buffer layers IEEE Trans. Electron Devices 53 2413-7

[16] Meneghesso G, Verzellesi G, Pierobon R, Rampazzo F, Chini
A, Mishra U K, Canali C and Zanoni E 2004 Surface-related
drain current dispersion effects in AIGaN-GaN HEMTs
IEEE Trans. Electron Devices 51 115461

721


http://dx.doi.org/10.1109/LED.2002.802592
http://dx.doi.org/10.1063/1.1616648
http://dx.doi.org/10.1109/16.906436
http://dx.doi.org/10.1088/0022-3727/35/7/304
http://dx.doi.org/10.1109/TED.2005.844791
http://dx.doi.org/10.1109/TED.2006.880825
http://dx.doi.org/10.1109/TED.2004.835025

	1. Introduction
	2. Experiment
	3. Results and discussion
	3.1. Pulsed
	3.2. Transient characteristics
	3.3. RF performance

	4. Conclusion
	Acknowledgments
	References

