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Chapter 1

Introduction

Gallium Nitride has received tremendous attention ever since the first High-Electron-Mobility
Transistor (HEMT) was demonstrated in 1993 [1]. Since then many advancements and device
scaling have been reported securing an irreplaceable status for GaN based devices in the high
power electronic device applications. What is important and interesting in an A1GaN/GaN HEMT is
the formation of two-dimensional electron gas (2DEG) at the interface of an AlGaN/GaN
heterostructure which causes high electron mobility and carrier density of 1x10"* cm™ due to its
piezoelectric and spontaneous polarization phenomenon. Further, these devices offer high
saturation velocity, high speed and large current operation. The high breakdown field of GaN (E, =
3 MV/cm) which is approximately three times greater than Si or GaAs makes promising candidate
for high power device applications.

For power semiconductor switching applications, high breakdown voltage and lower specific
ON-resistance (Ron) are essential to minimize the power loss. AlIGaN/GaN HEMTs are an excellent
choice as they have high sheet carrier density and higher critical breakdown field. In order to
achieve a high breakdown, there are many approaches reported namely field plate at gate, large
gate-drain length (Lgg), C-doped buffer, Fe-doped buffer and Si substrate removal. These
approaches have their own demerits namely, the field plate and substrate removal methods
complicate the device process, C and Fe doping in the buffer creates deep levels and large Lgq
causes large Ron. Therefore our approach is based on growing a GaN with less dislocations by
growing thick buffers between Si and GaN channel. This article deals with the growth of thick GaN

on Si, breakdown mechanism and the challenges before GaN on Si.



1.1. MOCVD growth for GaN

Metal-organic chemical vapour deposition (MOCVD) is the most commonly used technique for
the growth of GaN based devices. The growth quality and device characteristics obtained by
MOCVD have superior performances than the GaN grown by molecular beam epitaxy (MBE). For
example, the dislocation density (Ngis) of GaN grown by MOCVD is lower (of the order of 1x10°
cm?) compared to GaN grown by MBE which is of the order of 5x10° cm™. The lower growth
temperatures used in the MBE process might be the reason for high dislocation density. This leads
to the fact that mobilities in MBE grown GaN are generally lower than those in MOCVD grown
GaN [2]. Optical devices such as light-emitting diodes and laser diodes can work with such a high
dislocation density, but electronic devices especially for power device applications, such high
density of dislocations hamper the device performance. Therefore it is necessary to grow high

quality GaN with reduced dislocations and imperfections using MOCVD.

1.2. Substrates for GaN devices
The substrates that are widely used for the growth of Al1GaN/GaN HEMTs are SiC, sapphire
and silicon. Inspite of the large mismatch in the lattice and thermal expansion co-efficient, Si is
undoubtedly the substrate of choice as it favours large scale production at a reduced cost. Until now,
only Si offers a large size (6-inches diameter) wafer growth. The table 1 given below lists the
'characteristics of using the Si substrate compared to SiC and sapphire for the growth of GaN.
Over the past several years, our group was involved optimizing the growth of AIGaN/GaN
HEMTs on Si substrate. It was our group which first speculated the location of breakdown for
AlGaN/GaN HEMTs grown on Si. In 2005 Arulkumaran et. al., reported that GaN/AIN/Si junction
is weaker than the AIGaN/GaN junction causing a low breakdown [3]. Since then, improving the

quality of buffer and strengthening the AIN/Si junction have become the priorities of our research.



Table: 1 Substrates commonly used for the growth of GaN and the comparison of their

properties.

Substrate characteristics 6H-SiC c-sapphire Si (111)
Lattice mismatch to GaN [%] 3.5 16.1 17.0
Thermal expansion [10° K] 5.0 a: 7.5 4.08
(GaN:a~5.5) ‘ c: 8.5
Thermal conductivity [W/cm-K] 4.9 03~0.5 1.5
Cost (per 3 inch) US$ 2500 US$ 800 US$ 50
Size [inch] 2~3 2~4 3~6

All the HEMT device structures mentioned in this report were grown by Taiyo Nippon
Sanso (SR4000) horizontal MOCVD reactor using 4-inches p-Si (111) substrate. The resistivity of
the p-Si substrate is 1 — 3 Q-cm. Trimethylgallium (TMG), trimethylaluminium (TMA) and

Ammonia (NH3) were used as Ga, Al and N sources respectively for the MOCVD growth.

1.3 Outline of the Report

This report is organized into 4 chapters. This Chapter-1 outlines the introduction for GaN
devices and its growth on various substrates. Chapter-2 summarizes the experimental results out of
using thin gate dielectrics at the Schottky gate terminal of the High Electron Mobility Transistors
(HEMTs). The different thin gate dielectrics namely oxidized Al [4-6], MOCVD grown AIN were
used and its device characteristics are discussed. Chapter-3 discusses the approach adapted to
increase the breakdown of AlGaN/GaN HEMTs. By growing thick epi-layers of AlGaN/GaN
HEMTs, the breakdown were improved and various leakage currents affecting the breakdown were
discussed [7-8]. Chapter-4 describes the existing challenges before GaN on Si [9-10]. The

appearance of deep-pits on the growth completed wafer poses a major challenge for the MOCVD



growth on Si [9-10]. Deep-pits of various densities are used for the HEMT device process and the
characteristics are studied by electrical and optical measurements. The summary of the results are

listed in Chapter-5.
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Chapter 2
Thin gate insulators for AlIGaN/GaN HEMTs on Si

In this chapter, AlGaN/GaN HEMTs with different gate dieiectrics were discussed along
with their device performance. The thin insulators experimented in this chapter are thin Al which
oxidizes into thin aluminum oxide and MOCVD grown AIN.

2.1. Thin 3 nm Al at the Schottky

There is a need to enhance the drain current density and output power of AlGaN/GaN
HEMTs for making it attractive for high power device applications. Background doping, 3-doping,
increasing the barrier height are common methods to increase the electron concentration at the
2DEG channel. It is our objective to increase the drain current density by adding 3 nm Al prior to
gate metal deposition. Recently Nanjo ef al.[4] have studied the effect of 3 nm e-beam evaporated
Al layer prior to the gate (Ni/Au) metal on AlGaN/GaN HEMTs. In this letter, the effect of 3 nm Al
layer in the gate metal of the HEMT (Al-gated HEMTs) was studied and reported. As e-beam Al
evaporation is not recommended, [5] in the current study we used filament heating method to
evaporate Al under high vacuum conditions. The dc, capacitance-voltage (CV) and breakdown
voltage (BV) characteristics of the Al-gated HEMTs in comparison with Pd-gated HEMTs are
presented with necessary explanation.

The AlGaN/GaN HEMTs were grown on 4 inch p-Si (111) substrate by metal organic
chemical vapour deposition (MOCVD) system using Taiyo Nippon Sanso SR-4000. ‘The HEMT
structure growth and electrical parameters were published earlier [7,8]. The device process started
with mesa isolation by BCl; plasma based reactive ion etching (RIE) [9] and passivated with SiO;
deposited by electron beam evaporation with substrate temperature at 150 °C. Ohmic contacts were

patterned with Ti/Al/Ni/Au (20/72/12/40 nm) metals followed by lamp annealing at 850 °C for 30 s



in N, ambient. Gate metals Al/Pd/Ti/Au (3/40/20/60 nm) were formed using conventional
photolithography. All the metals except Al were deposited by electron beam evaporation method
whereas Al was evaporated by filament heating technique. For comparison, a separate HEMT was
fabricated without Al metal and will be referred to as Pd-gated HEMTs. The dimensions of the
fabricated HEMTs are: source-drain spacing (Lsg) = 10 pm; gate width (W) = 15 um; gate length
(Lg) = 2.0 um and source-gate spacing (Lsg) = 3.0 um. C-V measurements were carried out at IMHz
using HP4845 LCR meter. The dc Ips-Vps and BV characteristics on the 15um and 200 um device
dimensions respectively were studied using Agilent 4156¢ semiconductor parameter analyzer.
Figure 2.1(a) shows good pinch-off /-V characteristics for the HEMTs over a drain bias
(Vps) of 0 to 20 V with an increase in the Ipsmax for Al-gated HEMTs. A maximum drain current
density (Ip max) of 616, 730 mA/mm and peak transconductjcmce (g2m max) of 173 and 151 mS/mm
were observed for the Pd-gated and Al-gated HEMTs respectively. Any increase in Ipg is expected
when the 3 nm Al metal forms a defect free contact with AlGaN cap layer depriving or minimizing
the interface states in the region. Threshold voltages (V.1v) from I-V measurements were -2.5 and

-3.1 V for Pd-gated and Al-gated HEMTs respectively.
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Fig. 2.1. (a) DC-IV measurements for W, = 15um HEMTs; (b): Ips, g for the Pd-gated and Al-gated
HEMTs; (c): Pulse current normalized to the dc current (/4.ps) at zero gate bias vs the gate voltage (V¢ pase)
normalized to threshold voltage.

Due to the increase of Schottky-gate channel separation, decrease of g, max and negative

Vi shift has been observed for Al-gated HEMTs. Moreover, the increase of barrier thickness leads



to the increase of sheet carrier concentration due to strengthened polarization effect [10]. Similar
increase of sheet carrier density and a subsequent enhancement of Ips max Was also observed by
Kordos et al., [11] by depositing 12 nm SiO,. If the 3 nm Al deposited forms an oxide layer as
observed by Nanjo et al., [4] then the decrease of gn is inevitable due to increase in the
Schottky-channel gap [12].The increase of 2DEG carrier density and negative shift of threshold
voltage for Al-gated HEMTs were also confirmed by C-} measurements.

To study the effect of Al metal over 1x10°
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Fig. 2.2. Two terminal gate leakage I-V
measurements of Pd-gated and Al-gated HEMTs
(W = 200 um); Inset: Three terminal ON-state
and OFF state BV, characteristics.

plot of pulse current normalized to the dc
current at ¥, = OV versus the gate voltage (VG.pase)
normalized to the threshold voltage is shown in Fig
1(c). It is found that the Al-gated HEMTs does not show any additional current collapse over
Pd-gated HEMTs. Two terminal gate leakage current measurements carried on the 200 pum HEMTs
as in Fig.2 shows that the Pd-gated HEMTs have less gate leakage than Al-gated HEMTs. Because
of low leakage current, higher OFF-state breakdown voltage of Pd-gated HEMTs were exhibited
[8]. The Al-gated HEMTs found to have higher ON-state breakdown voltage when compared to
Pd-gated HEMTs [inset of Fig. 2.2]. This proves that the BV characteristics of the devices were not
degraded due to the presence of Al in the gate metal.

The presence of Al layer in the gate metal shows a difference in the capacitance measured



at zero bias. Further the carrier concentration vs depth profile [Fig. 2.3] illustrates that 2DEG
channel is formed at 21 and 25 nm for HEMTs without and with 3 nm Al respectively. Therefore
we confirm that the depth of the 2DEG channel is shifted additionally by 4 nm for Al-gated HEMTs.

This makes it clear that 3 nm Al deposited does not become part of the gate metal composition, but
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and also the variation of the 2DEG position

Fig. 2.3. 2DEG carrier concentration vs depth
from C-V (4 nm). The threshold voltage measured  profile; Inset: C-V measurements of the HEMTS.
from CV (Vucv) also confirms a shift for Al-gated HEMTs (Table 1.) due to increased
Schottky-channel separation. Similar results have been observed for SiO,/AlGaN/GaN
MOS-HEMTs [14].

Considering the fact that Al was deposited under ultrahigh vacuum conditions, the source
of oxygen for the formation of Al-O is questionable. As Al is highly reactive to oxygen, large
number of oxygen atoms that are present in the AlGaN cap layer [16]. forms Al-O when it comes in
contact with a thin 3 nm Al layer in the gate. It is these oxide interface states present in the AlGaN
cap layer that initiates the formation of Al-O between the gate and the AlGaN. Similar Al-O
formation at the interface has been found in the literature [4,17]. Therefore at this UHV condition,

the out diffusion of ‘oxygen atoms from the bulk AlGaN layer was the possible cause for oxide

formation in the gate area depriving the defect states with increased Schottky-channel separation.



Table I. Device parameters of SiQ; passivated Pd-gated and Al-gated AlIGaN/GaN HEMTs on

4 inch Silicon

Parameters Pd-gated HEMT Al-gated HEMT
Ips max (MA/mm) - 616 730
Zmmax (MS/mm) 173 151
Npapec (x 10% em™) 1.6 3.5
Depth of 2DEG (nm) 21 25
Vinv (V) -2.5 -3.1
Vicv (V) 2.5 3.0
BV:ON (V) Wg =200 pm 91 113
BV:OFF (V) Wg =200 um 128 116
The chemical composition of the deposited gate (a) Pd-gated HEMT

metal layers were analyzed by studying the depth

Ti

profile of AES to confirm the presence of Al-O. Al 1

| e
The intensity peaks for the gate metals namely Au, (b) Al-gated HEMT

Ti and Pd were observed as shown in Fig. 2.4.

Intensity (arb. units)

Oxygen peaks were observed around 1600 s for

1000 1500  200(
Time (sec)

Al-gated HEMTs, and the same was absent for the 0 500
Pd-gated HEMTs [Fig. 2.4(a)]. For Al-gated

Fig. 2.4. AES depth profile over 1um gate area for
HEMTS, the designated peaks for Al were partially (@) Pd-gated HEMTs and (b) Al-gated HEMTs.
observed in the same region as that of oxide and becomes significant after 1700 s which is due to
the 26% Al composition in the AlGaN cap layer. This confirms that the 3 nm Al layer has partially
transformed into a thin oxide layer between the Pd gate and the AlGaN cap layer. Further the oxide

layer was identified to be Al,O3; by recording the XPS spectra. A designated XPS peak (spectrum

not shown) at 74.6 eV confirms [18]. the oxide as Al,O3 at the Schottky.



2.2. Plasma Oxidized Al as gate dielectric
The presence of an insulator or oxide layer at the gate dielectric permits the application of
high positive gate voltages to further increase the sheet electron density in the 2DEG channel and

thus yielding maximum device current. In the past, different insulators like SiO,, SiNx, SiON, TiO,,

HfO, etc were studied for application as a gate dielectric in the designing of MISFET, MOSFET etc.
Among these insulators, SiO, has been widely used as a gate dielectric and for passivating GaN
based devices. Though SiO, does not have an immediate rival for replacement in near future, SiO,
has serious limitations in controlling the gate leakage and current collapse. Scaling of gate oxide
insulating materials is facing a critical fundamental limit in the case of SiO, as tunneling and gate
leakage phenomena causing circuit failures and device degradation. Therefore alternate insulating
materials like AIN [19], Al,O; as gate dielectrics for GaN based devices are an important subject of
investigation.

There is a wide application of ultrathin Al,O3 as a gate dielectric [15,20-23] and for device
passivation [24]. Due to its high dielectric constant (& = 9), Al,O3 is a highly desirable gate
dielectric with a high band gap (around 9 eV). Further Al;O3; has high breakdown field (5-10
MV/cm), high thermal stability (up to 1000°C) and remains stable under typical processing
conditions [25]. A good quality of a—Alumina (Al,O3) has a combination of interesting properties
such as great hardness, high wear resistance and chemical inertness [26]. This promotes the
application of Al;03as an excellent passivation material as well as a gate dielectric for GaN based
MOS devices. Different techniques are possible for the growth of good quality Al;Os5. Of these, a
simple method to obtain AL,O3 is by evaporating a thin aluminum metal followed by plasma
oxidation [27]. Kuiper et al., [28] have reported the formation of Al,O; by plasma oxidizing a thin
Al layer. A more detailed analysis of AlGaN/GaN MOSHFETs using 4 nm Al,Oj; as gate dielectric

was done by Kordos et al., [29,30].
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In the previous section (2.1) it was described [31] that presence of a thin Al layer between
the Schottky gate metal and AlGaN barrier, removes oxide interface states at AlGaN to form an
aluminum based oxide (AlO). This un-intentionally formed AlO on top of AlGaN layer motivated
us to try for an intentionally oxidized Al layer by O, plasma. Further our interest is to explore a

simple method of forming an aluminum oxide (Al,O3) at the Schottky contact as an effective gate

dielectric. Hence this report analyses the HEMT device characteristics of three different treatments
at the Schottky gate terminal namely (i) a regular Schottky contact of Pd/Ti/Au, (ii) 3nm
Al/Pd/Ti/Au and (iii) 3nm Al/O, plasma oxidation / Pd/Ti/Au.

The AlGaN/GaN HEMT structures were grown on 4 in. semi insulating Si (111) substrate
using Taiyo Nippon Sanso SR-4000 metal-organic chemical vapor deposition (MOCVD) horizontal
growth éhamber. The Aluminum concentration for 20 nm AlGaN barrier layer was fixed at 26%.
Van der Pauw Hall measurements on the sample yielded a hall mobility of 1576 cm?/V s, sheet
resistance of 356 (2/square and sheet Acarrier concentration of 1.2 x 10" cm™. Inclusion of a thin
1nm AIN spacer layer causes an increase in the hall mobility as it shields the electrons in the 2DEG
channel from alloy and interface scattering.

The device process started with a mesa isolation by BCl; plasma based reactive ion etching,
followed by 100 nm electron beaﬁ evaporated SiO, as passivation layer. Using conventional
lithography source/drain Ohmic contacts (Ti/Al/Ni/Au : 15/72/12/40 nm) were made on to the
devices and annealed at 850°C for 30 seconds while flowing Nitrogen gas. After the gate
lithography, the 100nm SiO, in the gate opening was wet-etched; further cleaned with 1 min HCI
and the process continued with three different treatments at the gate opening as listed below:

(1) Making a final metal contact of Pd/Ti/Au (HEMTs) — a conventional method of making a

Schottky gate contact

(il)  3nm deposition of Al under high vacuum, continued with gate metal deposition of Pd/Ti/Au

_11_



(iii)

(Al-based MOS-HEMTs). Here the samples_were not exposed to atmosphere as the metals

namely Al/Pd/Ti/Au (3/40/20/60 nm) were evaporated continuously. These devices are

named Al-based MOS-HEMTs.

3 nm deposition of Al under high vacuum at an
evaporation rate of 0.05 A/sec. After the Al
evaporation, the samples were quickly
transferred to plasma oxidation chamber for O,
plasma oxidation (10 watt power/3 Pa for 5

minutes). After the plasma treatment, samples

were cleaned with HCI (1 min) before returning
to the metallization chamber for gate metal
evaporation. These devices are named as plasma

treated MOS-HEMTs.

Different treatments at the Schottky Gate (G)

(a) (b) ©)
Pd'Ti'Au  3nm ALPdTiAu 3 nm Al plasma
[HEMT] [Al-bascd oxidation/Pd‘Ti/Au

MOS-HEMT] [Plasma trcated

MOS-HEMT]

-1-AlGaN 20 nm
1-AIN | nm

= GaN/i-AIN20/5nm =

1-AlGaN 40 nm / i-AIN 100 nm

Si substratc

Fig. 2.5. SiO; passivated AlIGaN/GaN HEMT
structures with different treatments at the
Schottky contact.

For all the above samples, before metal deposition they are cleaned with HCI for 1 min and

rinsed with de-ionized water to have a defect free surface. In the above process, the deposition of

Aluminum under very high vacuum is necessary in order to suppress the gate leakage. Therefore

the Al was evaporated at the chamber pressure of 8x10° Pa. The device characteristics of Al based

MOS-HEMTs and the plasma treated MOS-HEMTs are compared to conventional HEMTs. (Table

I). For an easy understanding and comparison, the processed devices are better identified in figure

2.5.

The dimensions of the fabricated HEMTs are as follows: source-drain spacing (Lsg) = 8 pm,

gate width (W) = 15 um, gate length (Lg) = 1.5 um, and source-gate spacing (Lsg) = 3.0 um.

Capacitance-voltage (C-V) measurements were carried out at 1 MHz using HP4845 LCR meter.

The static Ips-Vps measurements were measured using Agilent 4156¢ semiconductor parameter
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analyzer.

Figure 2.6 shows the polarized 107 . : : :
2DEG density of electrons forming an ]03"; — HEMT
~ - Al-based MOS-HEMT
electron channel respectively at 19,23 and .~ 10"} :\""' Plasma treated MOS-HEMT
g
24 nm for HEMTS, Al based MOS-HEMTs = 1o
2
and plasma treated MOS-HEMTs. The 2210”;
depth of 19 nm was observed for HEMTs lOlG:r
in the absence of any oxide or insulating 10" L L L 1
0 20 40 60 80 100
layer between Schottky contact and AlGaN. Depth (nm)

Fig. 2.6. 2DEG depth profile of the fabricated HEMT,
But the Schottky contact — 2DEG channel MOS-HEMTS from C-V measurements.

separation is increased for Al based and plasma treated MOS-HEMTs. This means there is an
additional increase in the barrier layer due to the presence of an insulating oxide layer. The out

diffusion of oxide inter-states present at the AlGaN cap

layer into 3 nm Al layer facilitates the formation of AlO ' ' Al2p

Al oxide
746 eV

l

or Al,O3[16]. In the previous section we confirmed the
presence of an aluminum based oxide at the Schottky for

Al-gated HEMTs [31] by Auger Electron Spectrum. The

XPS intensity (arb. units)

oxide layer was identified as Al,O3 by recording the x-ray

80 78 76 74 72 70

photoelectron spectrum (XPS) shown in figure 2.7 with a Binding cnergy (V)

peak at 746 eV assigned for A1203 [32] This formation Fig, 2.7. XPS A[2p spectra for p[asma
oxidized Al at the Schottky contact.

of an oxide insulating layer at the Schottky contact

increases the 2DEG channel depth to 23-24 nm for the MOS-HEMTs.

To study the interface quality of this newly formed oxide and semiconductor

(Al03/AlGaN interface), high frequency (1 MHz) C-V measurements were performed on the
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MOS-HEMTs. Capacitance was measured by continuously sweeping the voltage (+4 V to -6V to +4
V) as shown in Fig. 2.8. The hysteresis was not observed for Al-based MOS-HEMT, signifying a
low interface defect states between Al,O3 and AlGaN. On the contrary a considerable hysteresis
voltage (Vuys = 0.2 V) was observed for MOS-HEMTs with plasma oxidized Aluminum at the

Schottky contact. From this we observe that Al;O3 formation by natural diffusion of oxide states at

the AlGaN into 3 nm Al forms a good interface T ' T y
compared to plasma treated Aluminum. A300- ]
= | A
Q- PREA A —~ L P’
Therefore the 2DEG carrier concentration is *
2 200F .
maximum for Al based MOS-HEMTs 2.4 x £
2
10 ¢m™) and a decrease is observed for & 100F .
plasma treated MOS-HEMTs (0.9 x 10 cm™) e enEnT
which is probably due to plasma damage 0-6 -4 § -2 0 2 4

Voltage (V)
causing an increased defective states at the  Fig. 2.8. C-V characteristics measured at 1 MHz for

Schottky, Al-based and Plasma treated MOS diodes.
AlLO5/AlGaN interface.

With the formation of the 2DEG channel at a depth of 23-24 nm from the gate for the
MOS-HEMTs, the AlGaN and oxide layers are considered to contribute two capacitance’s
connected in series. Therefore the total capacitance is given by the equation [33],

1 1 1
.+.

Cuostemr  Cox  CHemr 1)

Here the oxide capacitance Co is inversely proportional to its thickness dox, hence with increasing

oxide thickness layer the oxide capacitance decreases as per equation

_14_



COX —

EoEoxA

)

where the dielectric constant of the oxide (ALLO3) gx = 9 and g, is the vacuum permittivity. A

~ Schottky diode of radius 150 pum is available at the same HEMT mask. Using C-V measurements

on the MOS diode of area 7.07x10™* cm™, the zero bias capacitance are respectively 299 pF and 249

pF for Pd-contact Schottky diodes and Al-based MOS diodes. Thus the thickness of the oxide layer

formed was calculated using the above equation as 3.8 nm which is close to the total depth of the

2DEG channel observed experimentally for Al-based MOS-HEMTs (23 nm). Similarly, the

thickness of the O, plasma oxidized Al layer was calculated to be 4.6 nm, forming the 2DEG

channel at a depth of 24 nm for plasma treated MOS-HEMTs.

Table I1. Device characteristics of the HEMTs, Al-based MOS-HEMTs, and plasma treated

MOS-HEMTs.

Device parameters HEMT Al-based Plasma treated
MOS-HEMTs MOS-HEMTs

nec.v (x 108em™) 2.0 5.2 1.1

tangcy (x10'°V1s™) 3.2 8.2 1.7

2DEG depth (nm) 19 23 24

Na.2pe6 (10%m™) 1.3x10% 2.4x10%° 0.9x10%°

Ipsmax for 714 900 540

Vs=+2.5 V (mA/mm) (1086 for V,=+3.5V) (662 for V;=+3.5V)

Z2m max (MS/mm) 151 209 150

R (Q.mm) 1.8 1.1 3.9

Vi from I-V (v) 2.4 -2.6 -2.0

Lgiea, (MA/mm) @ -40V 1.2x10" 1.9x107 1.1x107

Forward ON voltage Voy 0.9 1.6 2.3
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The static Ips-Vps characteristics of the HEMTs and MOS-HEMTs are shown in Figure.
2.10. The HEMTs show proper operation as a FET for V up to +1.5 V, but significant gate leakage
current observed for V; higher than +2.5 V as shown in figure 2.9(a). On the other hand Al based
and plasma treated MOS-HEMTs have an Ips-Vps curve free from gate leakage for gate bias as high
as +3.5 V. Though there is an increase in the Ips.max for Al based MOS-HEMTs, the drain current
density decreases for plasma treated MOS-HEMTs which is due to the plasma damage. The

maximum drain current density obtained for the plasma treated MOS-HEMTs are low in

1500 T T T T 1500
;=12 - V_=+3.5 V (Step=-1V)
(a) l(; +2.5 V (Step=-1V) _(t_))_ _Albased  © Plagma
E HEMT M05~EH;M[_ o M OS-HEMT
\EIOOO- 1F s TTTm----41000
< P
g AP
8500} b e T e 500
,:l;:,_‘;‘..‘..?.:‘..‘..‘..?.:‘..-..?.P.a.v.'-.n.e.v.nn.v-
— Gate leak If..».-u-.~~;.--..--.--;--.-'.“;';".' cratmmtatauweaed
O [ 1 1 I‘ ----------- fovoccconnscodevoaccaaaian apeeecenasaancd 0
0 5 10 15 200 5 10 15 20
VDS V)

Fig. 2.9. Static Ips-Vps characteristics of HEMT, MOS-HEMTs with device dimensions Wy/L, = 15/1.5m.

accordance with the product value of g43.nc.v where ngc.y is the integrated carrier concentration
from C-V measured 2DEG profile. Further a comparatively high source resistance of 3.9 Q.mm for
plasma treated MOS-HEMTs is an indication that the plasma damage hampers the mobility of
charge carriers in the cap layer.

Here we observe that insertion of thin oxidized Al has brought a significant improvement
in applying a high gate voltage (+3.5 V) for a good Ips-Vps characteristics without gate leakage.
Further aluminum based oxide effectively increases the gate voltage operation needed for transistor

operation at high gate voltage. The fabricated devices were tested for drain current collapse (results
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not shown) and we found a reduction in the drain

250 1 ‘l i 1 ¥ L]
current collapse because of the O, plasma W/L =15/1.5 ym Al based
200 g & e~ I\\/IOS-HEMT_
oxidized Al layer for MOS-HEMTs. A Vs =4V
: E150t
homogeneous and good quality of ALLO; as an E
A
g
insulating layer at the Schottky contact is needed "’JOO i
1)
to completely eliminate drain current dispersion. 50F Atasma treated
+ flasma treate
The transconductance measured on these 0 L MOSHEMT
4 3 2 -1 0 1 2 3

Vs V)

. Fig. 2.10. Transconductance (g,) measurements
MOS-HEMTs have a high transconductance fmgi the HEMT, MOS-HEMTs.(g)

HEMTSs are shown in figure 2.10. The Al based

maximum (gm-max) of 209 mS/mm. The HEMTs and plasma treated MOS-HEMTs have an identical
gn;.max around 150 mS/mm. The HEMTs and the Al-based MOS-HEMTs have device threshold
voltage -2.4 and -2.6V respectively. A small negative shift in the threshold voltage for Al-based
MOS-HEMTs with respect to HEMTs is due to increase in the Schottky contact - channel

separation. However, the plasma treated MOS-HEMTs have a positive shift in the threshold voltage

10° ,. 10
10" N
s 107 X 1 E
E Ci°E
2 10° : =
g | ' {4 E
~ 10 F - Al based MOS-HEMT ' : ~
10° Plasma MOS-HEMT - ) 12
10° 1 . ' ] 0
40 230 220 _10 0 1 2 3

/(s V) Vo V)

Fig. 2.11. (a) Two terminal gate leakage measurements and (b) forward I-V characteristics.



in spite of an increase in the Schottky contact - 2DEG channei separation. This is because of a
decrease in the polarized 2DEG channel concentration caused by the damage during plasma
oxidation.

Two terminal gate leakage currents were measured between the gate and drain terminals of
the HEMTs and MOS-HEMTs (W,=15 gm). Figure 2.11 (a) shows the gate leakage observed for Al
based MOS-HEMTs and plasma treated MOS-HEMTs are an order less than conventional HEMTs.
The chamber pressure during the deposition of Al is very important with regard to suppressing the
gate leakage. Depositing Al at high vacuum is necessary to reduce the gate leakage. Kotani ef al.
[34] have reported a thin Aluminum layer deposition followed by O, plasma yielded (Al turned into
Al,03) two orders of magnitude reduction in the gate leakage. Suppressing the gate leakage is very
important to attain a high breakdown in the devices. Further there is an increase in the forward ON
voltage (Von) for the MOS-HEMTs as can be seen in figure 2.11 (b) confirming the presence of Al

based oxide dielectric at the Schottky contact.

2.3. MOCVD grown AIN capped MIS-HEMTs

In the previous two sections, the gate dielectrics used were ex-situ grown. In this section
gate insulator using in-situ grown AIN and its device characteristics are described. Aluminum
Nitride (AIN) with a large band gap of 6.2 eV and reduced mismatch to GaN is suitable for the
application as gate insulator and passivation for AlIGaN/GaN high-electron-mobility Transistors
(HEMTs) [35]. AIN passivation reduces the surface states which are responsible for the current
collapse under large signal RF modulation. The AIN/AlGaN metal-insulator-semiconductor FETs
(MISFET) offers the possibility of utilizing devices with a very wide band gap material under the
gate thus yielding a reduced gate leakage and high breakdown. Further AIN based MISFETs would

be preferred for high-temperature operations, because an additional insulator could provide higher
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potential barrier between the Schottky and the channel, which suppresses the thermionic emission,
tunnelihg at high temperature and keeps the gate voltage swing reasonably large for proper
operation. In literature MISFETs using AIN cap layer over AlIGaN/GaN on sapphire are widely
reported [36-38] as the lattice mismatch of the AIN growth on sapphire is less. On the other hand
the AIN based MISFETSs on silicon are very difficult to achieve due to increased lattice mismatch
between AIN and silicon. For reduced mismatch and good morphology of AIN on silicon,
metal-organic chemical vapour deposition (MOCVD) technique could be utilized with properly
controlled growth mechanism in an  oxygen-free environment. AIN  based
metal-insulator-semiconductor high-electron-mobility transistor (MIS-HEMT) on 4 in. silicon and

its device characteristics are discussed here.

I PdITi/Au —
Ti/AlINi/Au Ti/Al/Ni/Au
The MIS-HEMT structure shown in Fig. 2.12 was _s'l G [_5_‘ ,
AN 2nm
grown using Taiyo Nippon Sanso, SR 4000 horizontal i-AlGaN 25 nm
iFAIN 1 nm
metal organic chemical vapour deposition MOCVD) set ~ [ "~~~ """ """ 777

up. The morphology of the MOCVD grown AIN films

were investigated by x-ray diffraction (results not shown), s

SLS 20 pair
~ i-AlGaN 40 nm
i-AIN 100 nm

atomic force microscopy (AFM) and electrical resistivity

by Van der Pauw Hall-effect measurements. To compare
4in. p-Si (111)

the device characteristics, a separate structure was grown
Fig. 2.12. Schematic diagram of the 100

without the 2nm i-AIN cap layer and subjected to HEMT "m SiO; passivated AIN/AIGaN/GaN
MIS-HEMT.

device processing simultaneously. The devices were passivated with 100 nm SiO, followed by

source, drain and gate contacts patterned using lithography. The dimensions of the fabricated

HEMTs / MIS-HEMTs are: source-drain spacing (Lsq) = 8 um; gate width (W) = 15 um; gate

length (Lg) = 2.0 pm and source-gate spacing (Lsg) = 3.0 um.



Table II1. Device parameters of SiO2 passivated AIGaN/GaN HEMTs and AIN/Al1GaN/GaN

MISHEMTs on 4 in. Si.
Device parameters HEMT MIS-HEMT

Rys roughness (nm) 0.21 1.03
P-V (nm) 5.06 9.52
R. (Q.mm) TLM . 2.6 5.1
ns(x10" cm?) 0.87 1.37
2DEG Mobility (cm*/Vs) @300 K 1863 1032
R, (Q/ D) Hall effect 384 441
Np2pec ( x 10° cm™) 0.6 1.6
Depth of 2DEG (nm) 22 20
Ips max (MA/mm) 541 361
&m max (MS/mm) 134 152
Vv (V) 2.6 -1.8
Vacv (V) 2.8 -1.9
Iyjeax (MA/mm) @ Vg=-40V 1.8x10™ 4.2x10°
BV (Volt) 124 230
Vo torward (VOIt) 1.0 1.5

The dc Ips-Vps, current collapse measurements using Agilent 4156c semiconductor
parameter analyzer, and breakdown (BV) characteristics using Sony-Tektronix 370A were studied.
Capacitance-Voltage (C-V) measurements were carried out at IMHz using HP4845 LCR meter. The
measured device parameters from these experiments are listed in Table III for HEMTs and
MIS-HEMTs.

The AFM micrograph for AIN/A1GaN/GaN heterostructure on silicon (figure not shown)
has increased surface roughness probably due to any mismatch arising out of the growth of AIN on
silicon. Periodic trenches with pitch in the range of 100-200 nm were observed with increased Rus
(1.03 nm) and P-V (9.52 nm). However the Ry roughness of the present AIN on silicon is less than
one reported for AIN on sapphire (Rys = 1.4 nm) [39] which implies that the morphology of AIN is

improved in the present growth. The inclusion of 2 nm i-AIN cap layer increases the sheet carrier
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density as high as 1.37 x 10" cm™, with a mobility reduction to 1032 cm?/Vs. It is the characteristic
of semiconductor heterostructures that increase in the sheet carrier concentration is accompanied by

a decrease in mobility due to increased interface-roughness scattering.

The two dimensional electron 10% ———— —
AlGaN/(iaN Interface
' 20 nm
gas (2DEG) carrier concentration 10%} MIS-HEMT g 1
(Np-apec) vs depth profile (see Fig. 2.13) 10"} ' c8
| [AIN AlGaN]/” GaN E;

10"}
increased for AIN/AlGaN/GaN 2 10"t

polarized 2DEG carrier density is

S_—
?
measured using C-V also confirms that 8, 10"
]
w
Q
N
=]

MIS-HEMTs. For an AlGaN/GaN 1015 . N
0 20 40 60 80 100

HEMT in the absence of a gate insulator, Depth (nm)

1 t of £ Fig. 2.13. 2DEG carrier concentration vs depth profile from
arge amount of surface states are C-V. Inset shows the position of 2DEG channel shifted

towards the AlIGaN/GaN interface for AIN MIS-HEMTs.
present to trap electrons near the surface

which tend to partially deplete the channel and reduce the 2DEG density. But in the case of
MIS-HEMT, the number of surface states is greatly reduced leading to high channel carrier density.
This is due to an increased polarization effect because of the presence of a highly insulating AIN
between the Schottky and AlGaN/GaN 2DEG channel. Though there is an additional 2 nm AIN
layer, the 2DEG channel is formed at low depth (20 nm) for the MIS-HEMT than the HEMT (22
nm). This shows that the channel is shifted close to the interface of AIGaN/GaN heterostructure due
to increased 2DEG density (Nppeg =1.6 X 10%° cm'3). Antoszewksi et al.,[40] have reported that
for AlIGaN/GaN heterostructures with high n,, the mobility decreases with increasing n; due to
increased interface roughness scattering as a résult of 2DEG shifting towards the AlGaN/GaN
interface. Thus we interpret that the increased carrier concentration as the factor which shifts the

2DEG position close towards the AlGaN/GaN interface. The inset of Fig. 2.13 shows schematically
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the shift of 2DEG position towards the interface. This would also mean that the Schottky-channel
separation is shortened.

In general the increase in the sheet carrier concentration (n;) and the polarized 2DEG
carrier density (Np.2peg) for the AIN/AlGaN/GaN MIS-HEMTs is attributed to (i) reduction of the
interface states that usually trap the electrons and tii) the presence of high band gap AIN cap layer
enhancing the potential barrier between the gate and the active layers.

From figure 2.14(a) it is clear there is a decrease in thé maximum drain current density (/, DS
max) observed for AIN based MIS-HEMTs, irrespective of the increase in the 2DEG density. The
reduction in the Ipsmax is believed to be due the poor surface morphology of the 2 nm AIN film
grown on silicon. Further the shortening of the gate-channel separation brings the 2DEG channel
close to the interface where the interface scattering is dominant resulting in mobility reduction.
Therefore we observed a reduced Ips max for AIN MIS-HEMTs, but the Ips max reported for our
device (361 mA/mm) is the highest observed for any AIN cap layered AlGaN/GaN MIS-HEMT on
silicon.

The maximum transconductance (g,, max) of the MIS-HEMTs are higher (152 mS/mm) than
AlGaN/GaN HEMTs (134 mS/mm) as shown in Fig. 2.14(b). The intrinsic transconductance
calculated theoretically using the source resistance (R;) were 439 mS/mm and 390 mS/mm for
MIS-HEMTs and HEMTs respectively. The AIN based MIS-HEMTs also show increased gate
voltage swing (-2V to 5V) which is characteristic of a MISFET. Due to the presence of an
additional 2 nm AIN layer, there should be an increase in the gate-2DEG channel separation which
usually degrades the transconductance as we have reported.® However in this case, the maximum
transconductance of AIN/AlGaN/GaN MIS-HEMT rather increased despite an increase in total
spacer layer thickness. This is because of the shift in the 2DEG position towards the AlGaN/GaN

interface for increased carrier concentration profiles [40]. Therefore this shift in the 2DEG position
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towards the interface brings the 2DEG electrons close to the Schottky under increased influence of
the gate bias ultimately resulting in increased transconductance for AIN based MIS-HEMTs.
Though the AlIGaN/GaN HEMTs show a maximum drain current density (/psmax) of 541 mA/mm,
the Ipsmax decreases under pulsed bias conditions leading to current collapse. A pulsed bias of 1 ps
duration with 50% duty cycle is applied while measuring /-7 measurements [31]. The AlGaN/GaN
HEMTs show severe current collapse when compared to AIN/AlGaN/GaN MIS-HEMTs as it can
be seen from Fig. 2.14(c). This is the behavior observed by many [41,42] that significant current
collapse exists for AlIGaN/GaN HEMTs in the absence of an insulating passivation layer at the

Schottky. This indicates that for AIN based MIS-HEMTs, a thin insulating passivation layer of AIN

between the source, drain and gate contacts .80 —
(a) —— HEMT 4
suppresses the effect of surface traps thereby £ 60 - - - MIS-HEMT-
o < 40 :
eliminating one of the cause for current =
020
collapse. - e
, 5 10,15 20
The two terminal gate leakage 3 DS( )
—_— 10 -

measurements in Fig. 2.15(a) show that a thin
2 nm AIN passivation decreases the gate

leakage by two orders of magnitude. This

indicates that the AIN gate insulator is

effective in suppressing not only the gate g ]
S 0.8 \.- - - . MIS-HEMT]
leakage current but also in enhancing the <, T~ T
a ~
. 204 . -
forward turn-on voltage as shown in Fig. 2.15 — (c) HE%' ]
0.0| 1 1 I I 1
(b). Therefore growing a high quality AIN as 0 \1/ 2 1\7 4 5
G-base th
the ate insulator will suppress the gate leakage Fig. 2.14. (a) dc Ips-Vps measurements with V, =
+1.5V and A4V, = -1V; (b) Ips and g,

to a Iarge extent and possibly shift the device characteristics; (c) pulse current normalized to
the de (/,4..ps) at zero gate bias vs gate gate voltage
(VG-base) Normalized to threshold voltage.
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threshold voltage to 0 V and achieve a 0 100
10 100, !
(@) W, =200 um MIS-HEMT, (b) !
normally off type operation. The gate 107 *[L,=2um T X
. 10% 5| s 75
leakage reduction due to the presence of thin __ 39 wewr ! ! £
£ 10T " /’ i E
AIN insulator is accompanied by a high 5 10 T 1_;,0“5/6)0 250l —50%
E everse bias vol | ‘-;
breakdown voltage (BV). The BV “10FE____ -
T 0 MISHEMTT S~ _ - 125
measurements done on 200 pm HEMTs with 10 LW, =215 um !
I ‘ 1 l 1 I 1 \ l
identical gate-drain spacing (Lgz) are shown 40 -30 -20 -10 v ?V) 1 2 39
gd
in the inset of Fig. 2.15 (a). The AIN based Fig. 2.15. (a) Two terminal gate leakage I-V
measurements; Inset: Reverse breakdown

MIS-HEMTs show breakdown over 230 V  measurements; (b) Forward I-V,, characteristics.
which is larger than the breakdown of AlIGaN/GaN HEMTs. Thus in general any suppression of the
gate leakage by inserting an insulator at the Schottky of the AlGaN/GaN HEMTs will improve the

device breakdown as reported in literature [8].
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Chapter 3
Breakdown Studies on AlGaN/GaN HEMTs on Si

High breakdown field of GaN (E; ~ 3 MV/cm) which is approximately 3 times greater
than Si or GaAs makes it attractive for high power device applications. AlGaN/GaN high electron
mobility transistors (HEMT) have a high figure of merit (FOM) B V% Ron, [1] owing to much lower
on-state resistance (Ron) and higher breakdown volt (BV) because of higher sheet carrier density, s
in the two dimensional electron gas. The substrates widely used for AlGaN/GaN HEMTs are SiC,
sapphire and silicon. Among these, Si is emerging as the most suitable choice for
commercialization due its low cost and large size availability. Though higher lattice and thermal
mismatches of Si generates a large number of dislocation and cracks, AlGaN/GaN HEMT devices
on Si have shown attractive device performance for high-power applications.

Several device improvements have been developed to achieve a high BV AlGaN/GaN
HEMTs. These include a field plate inclusion at gate and increase in gate-drain length (Lga).
Experimental results for standard HEMT structures show a large electric field peak at the drain side
edge of the gate electrode. This peak field leads to premature Breakdown of the device and can be
reduced by using a field plate technology. A high breakdown of 1900 V was achieved using a slant
field plate [2]. In the case of increased Lgg the increase in BV was accompanied by drain current
(Ipmax) degradation. A record high breakdown of 1580 V was obtained for devices with large Lgg of
16 pm, however with a decreased Ipmax [3]. In all these approaches though a high BV was achieved;
they are accompanied by their own demerits.

Therefore, it is our objective to attempt for BV enhancement without using a field plate or
large Lgq distance. This was investigated by improving the quality of GaN growth and strengthening

the buffer. The breakdown mechanism is also affected by. excess leakage through i-GaN due to



imperfections and dislocation density (Dp) in growth. As these Dp are high for GaN on Si due to
large lattice mismatch, it is necessary to decrease the Dp by improving the buffer between GaN and
Si. Further the buffer layer and the Si junction should be strong enough to enhance the breakdown
[4].
3.1. MOCVD growth of thick AlGaN/GaN HEMTs

In this section, the growth of crack free thick AlGaN/GaN HEMT epi-layer up to a total
thickness (7o) of 9 um using 2 um i-GaN and 7 um super lattice structured (SLS) buffer on silicon
and its breakdown property will be discussed . Our SLS buffer scheme consists multi pairs of GaN /
AIN (20 / 5 nm). BV measurements carried on HEMTs fabricated from these epi-layer showed an
enhancement in B} as the total thickness of the epi-layer is increased. The dependence of BV with
regard to GaN thickness (Tan) and buffer layer thickness (7gyy) are studied and their limitations are
presented.

Figure 3.1 shows the photograph of crack

free 9 um Ty grown epi-layer on 4 inch silicon wafer.
All the HEMT structures reported here were grown

on 4 inch p-silicon substrate (resistivity of 1-3 € cm)

by metal-organic chemical vapor deposition

4 5 6 7 8 910\

(MOCVD). The epi-layer includes nucleation layers

Fig. 3.1. Photograph of the 4 inch wafer with
9 pm total thick epi-layer including a 7 pm
buffer and 2 um i-GaN on silicon.

of 100 nm i-AIN / 40 nm i-Alg3Gag 7N common for
all the hetero-structures. Then in order to understand
the role and influence of buffer on device breakdown, multi pairs of GaN/AIN (20/5 nm) buffers
varying from thickness 0.5 to 8.0 um were grown. Here it should be noted that increasing the Tgyr
facilitated the growth of thick GaN (beyond 1 pum) on Si. For buffers exceeding Ty of 5 pm,

growth of thick GaN upto 2 pm thickness was possible. Thus we could achieve a crack free
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epi-layers up to a total thickness of 9 um. The bowing of the grown wafers increased with Tty and
was 80 um for 9 um Ty For wafers with a Ty of 10 pm (2 pm GaN / 8 um buffer), cracks were
found up to 15-20 mm from the edge of the wafer.

The quality of the MOCVD grown GaN was studied by calculating the screw component
(Dp-screw) and edge component (Dp.rgge) dislocation density from full width at half maximum
(FWHM) peaks of x-ray diffraction [5,6] measured using Philips X’Pert in the directions (0004)
and (10-10) respectively. Fig. 3.2(a) showed a decrease in the Dp.scew as the total thickness

increased. Further from Fig. 3.2(b) it is understood that for same growth conditions, GaN grown by

us throughout maintained a decrease in the «22-0"'0’ SRS " ®
Dp.screw With increased Tgan. Appropriate thick %l se10'F L'} 1 4 -

1

. . 5 A

buffers up to 320 pairs of SLS were used in order % [ A* 1 A!

5 A

<] 9

= 1.0x10T T b
to keep the Dp.screw below 2.0 x 10° cm™. For S A: AL, AL A
GaN grown on buffers exceeding 200 pairs, the % 5.0x10") iy :‘ — " !

—_ L DD-Ed © DD-Edge @
Dp.serew is well below 1x10° cm. This illustrates E Sox10'k A N |

2
that the quality of GaN grown is gradually &

Sisxio"t A A T3 A A
improved upon growing over thick buffer. Hence ’§ oo %xA N ] Agﬁ% X

= 1L.0x10° i TA I
we understand that thick buffer layers tend to g -

5 S.OXI()‘O L 1 ' A 1 I L
minimize the lattice mismatch between GaN and 0 zrolaﬁhicgm?mlo 0 GaN Mldmm (m)Z

. . . Fig. 3.2. Screw dislocation measured as a function of
Si so as to grow a GaN of increased thickness (a) total thickness and (b) GaN thickness; Edge

) dislocation measured as a function of (c) total
and with less Dp. Also the Dp.ggee measured  thickness and (d) GaN thickness
from FWHM (10-10) peaks for GaN up to 1.5 um shows a decrease in Dp.ggge With an increase in
Trot and Tgan as shown in figures 3.2(c) and 3.2(d) respectively.

Van der-Pauw Hall measurements on all these samples showed a sheet carrier

concentration of 1.1x10'> cm™ and Hall mobility above 1100 cm?/Vs. The grown samples were cut
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15 x 15 mm for HEMT device fabrication as per the process details in our previous report [7]. All

the devices were passivated with 100 nm electron beam evaporated SiO, and the dimensions of the

devices are Wy / Ly =15 pm / 1.5 pm. Excellent DC characteristics, including a complete pinch-off

(at -2.2 V) were observed for our HEMTs with Ipmax of 625 mA/mm and transconductance (Zmmax)

of 190 mS/mm.

Three terminal off-BV measurements were carried out using Sony Tektronix 370A curve

tracer. The samples were immersed in an inert liquid Fluorinert (FC-40) to avoid any atmosphere

influence at the gate-drain area while B) measurement. The gate bias was maintained at a

sub-threshold voltage of -5.0 V with Si substrate
grounded. Our BV is defined as the drain-source voltage
at which a drain current of 1 mA/mm was observed. Lgg
which is very important for the breakdown phenomenon
was 3 um for all devices tested for BV as our primary
aim is to enhance the BV without increasing the L.
Figure 3.3(a) shows the breakdown of HEMTs for Tgan
of 1 um increasing with an increase in Tty from 1.5 —
3.5 pm (i.e., Tgyr from 0.5-2.5 um). Thus a HEMT with
aBVof 110 V for 1 um thick GaN can increase to a BV
of 210 V if the buffer is strengthened by increasing its
thickness. This increased Tg,r offers a GaN with less Dp,
low leakage through GaN thereby improving the BYV.
This is found true for other devices with GaN thickness
of 1.5 pm and 2.0 um yielding the highest BV of 403 V

for a heterostrucure of 9 um total thickness without
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using field plate. In Fig. 3.3(b), the BV of the devices were summarized with increase in 7gan. More
than one BV plots for a particular Tga (0.5, 1.0, 1.5 and 2.0 um) are the breakdown values for
devices in which GaN is grown on increased Tgy. Though the BV of GaN HEMTs increase with
increase in GaN thickness, however to push the breakdown of GaN beyond the limits achieved so
far, it is necessary to strengthen the buffer by increasing the 7w, which would increase the
resistance of the i-GaN epi-layer [8]. In Fig. 3b, the trend line T1 represents the lowest breakdown
achieved in this study for every thickness of GaN. This T1 refers to breakdown of the GaN HEMTs
with a dependence on TN which is a well known fact until now. However, by increasing the Tgyt
for GaN of same thickness, the breakdown is improved upon to the trend line T2. Thus T2 line
refers to the Ty dependence on breakdown of GaN HEMTs. This illustrates that, increasing the
total thickness of the epi-layers is important for improving the breakdown of Al1GaN/GaN HEMTs.
For devices exceeding a BV of 300 V they undergo premature breakdown which is due to
high field developed in the short Lyy of 3 pm. Burn marks were found on these devices at the

~ gate-drain region. Thus for a low Lg (< 3um), there is an upper limit in achieving a high

breakdown by increasing the 7py,. Our 2000 R
m
—~ A
breakdown volt of 403 V achieved for 2 pm Z i-GaN
% 1500 H  Toan (1.0 ~ 2.0 um) 4
GaN/7 pm buffer is the highest for any = Buffer (GaN/AIN)
> Tour (0.5 ~ 7.0 um) A
AlGaN/GaN HEMT on silicon substrate § 1000 H ywm— /Z.OpmGaN_
reported for a short Lgq spacing of 3 pm without g 04 5 um GaN
= 500+ .
m L 4
using a field plate structure or gate insulator. /’/
. ¥ 1.0umGaN
.- 0 1 1 1 1
In order to study the BV across i-GaN, 5 4 p S 10

Total thickness, 7' (um)

Fig. 3.4. BV of i-GaN across 10 pum gap ohmic
contacts after etch removing the AlGaN; Inset:
Pattern used for measuring the BV of i-GaN.

we measured the BV between two isolation

pattern (10 pm gap) available in the same

HEMT mask as shown in Fig. 3.4. When the
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voltage approaches breakdown, the leakage current increases rapidly and is therefore destructive for
the device. Thus in this measurement across i-GaN, BV refers to voltage at which the device fails
catastrophically. A steady increase in the BV with Ty, with a high BV of 1813 V was achieved
using 9 pum thick epi-layer. Our results (1813 BV at 10 um gap) are better compared to lkeda et al
[9] reporting a BV of 1.8 kV for i-GaN measured at an isolation of large 30 um gap. Hence our
effort to grow a GaN on thick buffer improved the GaN quality in addition to strengthening the

buffer for BV enhancement.

3.2. Study of Various Leakage Currents

The successfully grown crack free 9 um Ty, epi-layer is shown in Fig.3.5(a). Excellent device
properties including an /pmax of 625 mA/mm and gmmax of 190 mS/mm were observed (Fig. 3.5 (b))
along with a 37BV of 403 V measured using Sony Tektronix curve tracer 370A (Fig. 3.5(c)). Here it

is noted that 37BV of HEMTs improved with an increase of Ty

800 : . :
i ". { =15 1.5 pm 10 i T L T T
(step-1V) Al g HE:|5“_"1 a b =5

Chaad | 1 =~"[L,=3um ]
2 EGLL =15
< 400} ) 5 iz, = 1)
E
2 = 4r B measured usin 7]

£ 20} E -
~ - <82 Sony Tektronix i

“|  Curve Tracer 370A
ﬂO L ]I() fl- 2 0 . i ; :
> 3 2
vV (V 0 100 200 300 400
os (V)

V)

Fig. 3.5 (a) SEM image of the successfully grown 9 pm thick AlGaN/GaN HEMT; Inset shows the GaN/AIN
SLS multilayers; 3.5(b) Good pinch-off characteristics of the HEMT and 3.5(c) Breakdown measurements
using Sony-Tektronix curve tracer.

Due to curve tracer limitations, it is difficult to understand the path of leakage influencing the
breakdown. Hence for selected devices, we carried out the breakdown measurements using
Keithley pico-ammeters interfaced with a probe station as in Fig. 3.6. At a negative gate bias since
the channel is closed, buffer and substrate are the paths available for leakage current. Keeping V, @

-5 V, when Vps is increased, the leakage currents fy,r and /5, were low compared to the gate leakage
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(Igate)- For an AlGaN/GaN on Tyye = 1.25 um, when Vps ,J/ Vs

(
exceeds 100V, l,s and I, began to increase, finally Q‘W:Epp Towne %\Dlm.m

undergoing a destructive breakdown at 130 V. Thus we —

-AI()'»(,Gag 74N 25nm
? {-GaN (1.0 ~ 2.0 pm) o

find that for Tyur of 1.25um, suppressing the Iy leak

could not be extended to higher V'ps beyond 100 V. For

Buffer

the same 1.0 um i-GaN thickness on a Ty of 4.0 pum, GaN/AIN:20/5nm
(0.5~ 7.0 um)

the suppression of Iy, and Iys could be extended, . i-AlGaN 40 nm /i-AIN 100 ﬁm

4" Si substrate

however the device undergoes a premature breakdown

because of the gate-drain region failing at 282 V (Fig.
Fig. 3.6. HEMT structures grown and the

3.7(b)). At 282 Vps, we call this as a premature experimental setup used to study various
leakage mechanism.

breakdown because of high field developed at the gate drain region giving rise to an extremely high

Loae. The less defective GaN and the increased resistance between the surface electrode and the

silicon substrate reduced the leakage to enhance the breakdown [2] in-spite of small Lyg.
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Fig. 3.7 (a&b). Three terminal breakdown shows that by increasing the buffer
thickness I,,, and I,,¢ currents are reduced very much.

To investigate the insulating nature of our i-GaN grown on various thick buffers, the top 100

nm including the AlGaN was etch removed thereby eliminating the 2DEG channel. Fig. 8



summarizes the bréakdown of i-GaN across 10 um ohmic electrode increasing with the Tyys. The
i-GaN grown on 1.25 um buffer thickness reaches the breakdown limit at 144 V (Fig. 3.8(a)) due to
high L and Jpyr. When the thickness of buffer is increased to 4.0 um, the breakdown increases to
722 V (Fig. 3.8(b)) because of the improved i-GaN growth resulting in high resistivity. Our highest
breakdown of 1813 V was observed for 2 um i-GaN on 7um Ty, This is higher than previously

reported breakdown across a large Ohmic gap of 30 um [3].
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Fig. 3.8 (a&Db). Breakdown measurements across 10 pm Ohmic contact on i-GaN grown
on two different buffer thickness namely 1.25 um and 4.0 pm.

For i-GaN on 1.25 um buffer the breakdown across i-GaN (144 V) and 3TBV (130 V) are similar as
in both cases the possible limit to suppress the leakage is reached. But on the other hand for i-GaN
on 4.0 um buffer, there is a large difference as 37BV (282 V) obtained is very low compared to BV
across i-GaN (722). This illustrates that by making a considerable increase in Lgg, a 1 pm GaN on 4
~ um buffer could very well offer the BV beyond 700 V. It is therefore concluded that growing GaN
HEMTs on thick buffer improves the quality of epi-layers and offers a high resistance between

surface and substrate yielding a high breakdown.
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3.3. In-situ MOCYVD grown 2 nm i-GaN cap

For HEMTs grown on thin buffer, as Vps increased there is a sudden increase in the leakage
current observed as shown in Fig. 3.9(a). This we call a “two step breakdown” is due to large
dislocations driven low resistive i-GaN buffer. To achieve a truly insulating i-GaN, different
approaches were demonstrated like carbon doping [10] and Fe doping [11]. This doping
compensation creates deep-level acceptors in the buffer which causes device instability especially
at high drain voltages [12]. Therefore our approach is based on growing high resistive i-GaN with
less dislocations made possible by using a thick buffer. The BVorr measured for the HEMT grown
on thick buffer is shown in Fig. 3.9(b) in which the two-step breakdown was not observed. Thus

same hetero-structure when grown on thick buffer offers a good improvement in the breakdown.

- X ' 106 . ‘ ‘
0 100 V2°° 300 400 0 100 200 300 400 500
DS (V) VDS (V)

Fig. 3.9 (a) Two step breakdown observed for a HEMT grown on Si using thin buffer; (b) HEMT grown
using thick buffer offers a high resistive GaN which eliminates the two-step breakdown.

As our devices have the Schottky contact at the gate terminal, the /, is high and dominant when
compared to Ly and . An insulating layer at the gate is the solution for reducing the /, which in
turn improves the breakdown [13]. As the Nitride semiconductors lack a native oxide, the use of

ex-situ grown insulators like SiO,, ALO; etc., leads to large interface density of affecting

_35._



Iprain I, Ip.s Isup

—_ [TAIGaN 20 nm | am 500
E 10! [ i-GaN ipm i-AlGaN 20 om
Buffer 2 pym i-GaN 1um
g 100 -| 4" Si substrate Buffer 2 um 400 L
4" Si substrate
< 101F

i-GaN cap

OFF Breakdown Voltage (V)
w
S
S

[
[
(]

A -

Noi-GaNcap 2 nm i-GaN cap

0 100 200 300 400
Drain Source Voltage, Vps (V)

Fig. 3.10.(a) BV of i-GaN across 10 pm gap ohmic contacts after etch removing the AlGaN; Inset: Pattern
used for measuring the BV of i-GaN; (b) Average breakdown observed for HEMTs with and without 2 nm
i-GaN caplayer.

the device performance. Therefore, to grow a in-situ i-GaN of 2 nm thin layer on top of the
AlGaN which certainly lowers the I, The breakdown for devices with 2 nm i-GaN has
considerably low /; which extends the drain bias application to higher voltage as shown in Fig. 3.10.
A high breakdown of 432 V was achieved for i-GaN capped AlGaN/GaN HEMTs. AlGaN/GaN
HEMTs with a combination of thick buffer and i-GaN cap layer enhances the BVogr as they
contribute to lowering the leakage currents through buffer, substrate and gate respectively. Further,
the in-situ grown i-GaN cap layer does not create any interface defect states as observed by other
ex-situ grown insulators.

In Fig.3.11, a comparison between the BVogr and breakdown i-GaN measured across 10 um
ohmic contact were presented. Thus the BVopr of 2 um thick HEMT with and without 2 nm
i-GaN caplayer fits very well with the measured experimental breakdown values. For i-GaN on
1.25 um buffer the breakdown across i-GaN (144 V) and 37BV (130 V) are nearly similar as in
both cases the possible limit to suppress the buffer and substrate leakage is reached. But on the
other hand for i-GaN on 4.0 um buffer, there is a large difference as 3TBV (282 V) obtained is very

low compared to BV across i-GaN (722). This shows that there is still a possibility to increase the
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BVorr by controlling the dominant gate leakage currents or by making a small increase in Lgg. It is
therefore concluded that growing GaN HEMTs on thick buffer improves the quality of epi-layers

and offers a high resistance between surface and substrate yielding a high breakdown.

Breakdown across 10 um W
800 [ Ohmic contact on i-GaN i-GaN
Buffer
?-’600 [ 4" Si substrate
G
>
£ 400 i 7 // 74 D
2 T Al
o 7 X
—g i-GaN
£200
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3 terminal off-breakdown T STsubsate
0

0 1 2 3 4
Buffer Thickness (um)

Fig. 3.11. Comparison of 3-terminal off-breakdown observed and the corresponding breakdown
across 10 um Ohmic contact on i-GaN.
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Fig. 3.12. Specific-ON resistance vs breakdown of our devices compared with other literature
reports on AIGaN/GaN HEMTs.

The Ron of our devices vs breakdown voltage is shown in Fig. 3.12 and it is compared with
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other leading groups working on the breakdown of AIGaN/GaN HEMTs. Thus for our MOCVD
grown AlGaN/GaN HEMTs on thick buffer, we observed a high figure-of-merit (B VZ/RON_) of 5.4 x

102 vV2Qlem™.

References

[1]. N. Tipirneni, A. Koudymov, V. Adivarahan, J. Yang, G. Simin, and M. A. Khan, IEEE Electron
Device Lett., 27 (2006) 716.

[2]. Y. Dora, A. Chakraborty, 1. McCarthy, S. Keller, S. P. DenBaars, and U. K. Mishra, /IEFEE
Electron Device Lett., 27 (2006) 713.

[3]. J. Shi, Y. C. Choi, M. Pophristic, M. G. Spencer, and L. F. Eastman, Phys. Stat. Solidi (c,) 5§
(2008) 2013.

[4]. S. Arulkumaran, T. Egawa, S. Matsui, and H. Ishikawa, Appl. Phys. Letts., 86 (2005) 123503.

[5]. R. Chierchia, T. Bottcher, H. Heinke, S. Einfeldt, S. Figge and D. Hommel, J. App. Phys., vol.
93 (2003) 8918.

[6]. T. Metzger, R. Hopler, E. Born, O. Ambacher, M. Stutzmann, R. Stommer, M. Schuster, H.
Gobel, S. Christiansen, M. Albrecht and H. P. Strunk, Philosophical Magazine A, 77 (1998)
1013.

[7]. S. L. Selvaraj, and T. Egawa, Appl. Phys. Lett. vol 89 (2006) 193508.

[8]. S. Iwakami, O. Machida, M. Yanagihara, T. Ehara, N. Kaneko, H. Goto and A. Iwabuchi, Jpn J.
Appl. Phys. vol. 24, no. 24, pp. L587-589, 2007.

[9]. N. Ikeda, S. Kaya, J. Li, Y. Sato, S. Kato, and S. Yoshida, Proc. of 20th Int. Symp. on power
Semiconductor Devices and ICs, (2008) 287.

[10]. J. B. Webb, H. Tang, S. Rolfe, and J. A. Bardwell, Appl. Phys. Lett., 75 (1999) 953.

[11]. Y. C. Choi, M. Pophristic, H. Y. Cha, B. Peres, M. G. Spencer, and L. F. Eastman, /[EEE

Trans. Electron Devices, 53 (2006) 2926.
[12]. M. Wang, and K. J. Chen, IEEE Trans. Electron Devices, 58 (2011) 460.
[13]. S. L. Selvaraj and T. Egawa, Appl. Phys. Lett. 90 (2007) 173506.

_38_



Chapter 4
Challenges before GaN on Si

The growth of AlGaN/GaN high-electron-mobility transistors (HEMTs) on silicon
substrate is attractive because of its low cost and large size availability. However the growth on
silicon is hampered by large lattice mismatch and a difference in thermal expansion coefficients
between GaN and silicon. In order to obtain high-crystalline quality of GaN on silicon, buffer
layers are essential to reduce the dislocation density and improve the GaN crystal quality. Buffer
layers with various thicknesses were grown which improved the breakdown of the AlGaN/GaN
HEMTs [1]. Increasing the buffer thickness greatly improved the quality of i-GaN with reduced
dislocation density [2]. Both screw and edge dislocation components of i-GaN decrease as they
were grown on increased buffer thickness.

An important issue before the growth of AlIGaN/GaN hetero-structures is appearance of pits on
surface of the growth completed wafer. The nature of these deep pits and their impact on the device
properties needs further investigation as they are detrimental to device performance. Earlier, the
formation of deep pits and their relation to edge dislocation density were reported,[3] but no report
is available regarding the deep pits and their influence on the device properties. It is the objective of
this letter to highlight how the AlGaN/GaN hetero-structures with deep pits will affect the device
| breakdown. We have made an analysis on the three terminal off-breakdown of HEMTs by
measuring the leakage currents through gate, buffer and substrate. This report helps to understand
not only the defects of HEMT epi-layers with deep pits, but also highlights the need to grow a
completely pit free epi-layers for high power device applications.

Figure 4.1 shows the hetero-structure of AlGaN/GaN HEMTs on silicon grown by

Taiyo-Nippon Sanso (SR4000) horizontal metalorganic chemical vapour deposition (MOCVD)
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system. The HEMTs were grown on super-lattice structured buffer of a thickness of 1.25 pm. Even

with same buffer scheme and total epi-layer thickness, pits with various densities were observed for

different wafers grown in our center. The observed pits are
of two kinds by size namely shallow and deep. Shallow pits
are quite normal and cannot be observed by an ordinary
microscope. These shallow pits can be viewed only through
atomic force microscopy (AFM) as shown in Fig. 4.2(a).
On the other hand, deep pits of hexagonal pyramid shape
are bigger in size and are easily visible even through a

regular microscope as it can be seen from the Nomarski

-Alo 2Gag N Sm |
i-GaN (1.0 um)

............

Buffer
SLS multipairs
(1.25 pm)

i-AlGaN 40 nm

1-AIN 100 nm

4" Si substrate

Fig.4.1. AlGaN/GaN HEMT structures
grown by MOCVD

microscopic image in Fig. 4.2(b). The hexagonal pyramid shaped pits which reflect crystal

symmetry of GaN were observed after growth without any etching treatment. Therefore these pits

observed are different from etch pits in which the semiconductor surface is intentionally treated

with an etchant to view the pits underneath the top layer.

[wm]
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Fig. 4.2. (a) AFM image of shallow pits (b) Normal microscopic image of deep pits.



The deep pits of hexagonal/polygonal pyramid shape (Fig. 4.3), bigger in size and are easily
visible even through a regular microscope. The hexagonal pyramid shaped pits which reflect crystal

symmetry of GaN were observed after growth without any etching treatment.

A

G2l22C 15.8kV X3.08K 18.8rm

Fig. 4.3. SEM view of hexagonal shaped deep pits on the surface of AlGaN/GaN HEMT on Si
grown by MOCVD.

4.1. Influence of Pits on the device breakdown

In order to study the implications of these pits, 100 nm Si0O; passivated HEMTs were processed.
The HEMT process details can be found in our previous report [4]. The dimensions of the
processed HEMTs were Wy/Lo/Leg = 15 pm / 1.5 pum / 3.0 pm. All devices had a good Ips-Vps
characteristics with a complete pinch-off at -2.5 V. Finally, the devices were tested for 3
terminal-off breakdown (37BV) using Keithley pico-ammeters interfaced with a probe station [5] as
described in chapter-3 in Fig. 3.6. The gate terminal is kept at a constant bias of -5.0 V well below
the device threshold voltage. The breakdown voltage was applied at the drain terminal and various
leakage currents were measured. At a gate bias of -5.0 V, since the channel is closed, buffer and
substrate are the paths available for the leakage currents flow in addition to the gate leakage.
Therefore drain leakage current (/prin) comprises leakage currents through gate (/gae). buffer (Zgyf)
and substrate (/syp).

Figure 4.4(a) shows that a HEMT with only shallow pits and almost no deep pit has a
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breakdown around 325 V accompanied by a burn mark on the device surface. A low leakage
through buffer (/z,s) and substrate (Isy,) was observed until breakdown at 325 V. However, the high
gate leakage is understood as our devices have a Schottky contact and this gate leakage can be
lowered by using a metal-insulator-semiconductor (MIS) or metal-oxide-semiconductor (MOS)
structure at the gate terminal. But when deep pits are present, for example with a deep pit density of
2.5x10% cm™ there is an additional leakage observed through buffer and substrate finally triggering
a pre-matured breakdown at 246 V as shown in Fig. 4.4(b). For still higher density of deep pits

(3x10* cm™) there is an enormous increase in substrate leakage thereby limiting the breakdown to
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Fig. 4.4. (a) Three terminal-off breakdown of the HEMT which has only shallow pits (b) low density of
deep pits and (c) high density of deep pits.

130 V [Fig. 4.4(c)]. All the devices present in a single wafer with deep pits showed a very low
breakdown irrespective of the presence of deep pits at the gate-drain area. Thus we find that
presence of only shallow pits does not affect the device breakdown whereas the presence of few or
more deep pits degrade the breakdown property due to high leakage through buffer and substrate.
The intention of growing a thick epi-layer HEMT is to increase the breakdown so as to find its
application as a high power device. But on the contrary here we find that occurrence of deep pits
very much affect the device breakdown as can be seen from the summary illustrated in Fig. 4.5. As

the density of deep pits increase, the breakdown steadily decrease and reaching a lowest breakdown
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of 48 V for devices with maximum density of deep pits. Further, no burn mark was found on these

devices as they undergo a breakdown in the buffer/Si junction.

In order to find the reason for high 2 400 W,=15 um
= g
substrate leakage on devices with deep pits, E 300 | Lgg=3.0 pm
= = .5 pum
cross sectional images using transmission §
a 200f
electron microscopy (TEM) were performed. ==
=
The TEM image was recorded for our sample —‘é 100
having the maximum deep pit density (7.5x10° % . . . . ) . )
, : 110 100 10° 10° 10° 10°
ecm™) in  which  the  AlGaN/GaN Density of Deep Pits (cm™)

hetero-structure was grown over a 4-um-thick Fig.4.5. Summary of three terminal-off breakdown of
the HEMTs with various densities of deep pits.

buffer. For TEM measurement, 4 um thick

buffer was used for the reasons namely; to find the nature and depth of these deep pits, and also to

check whether thick buffer has any control over the deep pits. The TEM image as in Fig. 4.6(a)

showed a hexagonal V-shaped pit originating down from the substrate and running throughout the

epi-layer. In Fig. 4.6(b), the SEM view of corresponding AIN/Si junction shows an etch pit

observed on the Si substrate.
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Fig. 4.6. (a) TEM view of deep pits originating from Si substrate and terminate at the surface as
deep pits, (b) SEM view of etch pit observed at the AIN/Si junction.
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In-spite of using 100 nm AIN to prevent Ga (in 40 nm AlGaN) etching the Si substrate at a high
growth temperature, the Si substrate undergo this unexpected etching. These etch pits originating at
the silicon substrate run throughout the epi-layers up to the surface causing deep surface pits. And
even using a thick buffer layer cannot stop the deep pits reaching the AlGaN surface layer. The
prevention and control of deep pits largely depend on the condition of the MOCVD growth
chamber. Thus we conclude that deep pits found on surface originate from the substrate and behave
like micro-pipes for high I, leakage flow. During breakdown measurements, due to high Vpg these
micro-pipes tend to act as a trapping path for the flow of high leakage current through buffer and
substrate. Though we could understand the influence of pits on excess leal;age through buffer and
substrate, we also find a considerable increase in gate leakage current. According to Bang et al.[6]
AlGaN/GaN HEMTs on SiC having similar deep pits yielded high gate leakage (Igae). This is
because of high density of the tunneling path due to defect levels caused by poor crystalline quality
around the pits or lowering of Schottky barrier due to high density of free carriers. Thus we find for
devices with deep pits, there is an overall degradation of the breakdown property caused by excess
leakage currents namely IGae, Iguf, and Isy. This limits the breakdown of AlGaN/GaN HEMTs
in-spite of strengthening the buffer/Si junction with increased buffer thickness.

We have made a study on AlGaN/GaN HEMTs grown on Si with deep hexagonal pyramid
shaped pits on the surface and their impact on the breakdown characteristics. Presence of shallow
pits alone does not affect the device breakdown. But devices with deep pits have their pits
originating from the Si substrate providing a path for high buffer and substrate leakage currents
which limits the device breakdown. In-spite, of using thick buffer layers, the deep pits reach the
AlGaN surface layer from substrate. For high power device applications, thick epi-layers are
preferred which are completely free from deep pits in order to find its application for high power

device applications.
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4.2. Influence of Pits on the device characteristics

AlGaN/GaN HEMTs are attractive for high-power switching device applications. Among
the available substrates (SiC, Sapphire and Si) Si is the most suitable choice for epitaxial growth
due to its large size availability and low cost. The advantage with Si is that it offers growth on large
diameter substrate up to a size of 200 mm, which is not possible using either SiC or sapphire.
However, the limiting factor for the growth of GaN on Si is the large lattice and thermal
mismatches which lead to large density of dislocations resulting in wafer bowing and cracking.

Apart from these common issues before GaN growth on Si, another important issue which
needs investigation is the presence of hexagonal shaped deep-pits on the surface of the growth
completed wafer. In the previous section we reported the nature of these pits and their impact on the
three terminal-OFF breakdown (BVorr) [7]. These pits originate from the Si substrate and are
present until the top AlGaN surface layer irrespective of using buffers of various thickness. It is
difficult to grow pit-free structures on Si as the best grown
wafers still have few deep-pits. Some of the grown wafers
have very low density of deep pits and if HEMTs are
fabricated on such wafers, the pits are found either within or

outside the device active region (between source and drain)

as illustrated in Fig. 4.7. It is therefore necessary to study the

Fig. 4.7. A HEMT device and the

detrimental effect of these pits on the device characteristics seaby deep-pit.

with relevant to their distance from the active region. In other

way, we have to investigate the influential area of these pits that interferes with normal device
operation of a HEMT. Identifying this influential region is important for avoiding the same during
device fabrication to demonstrate ideal power and reliability characteristics. Therefore, in the
current study, we selected samples which have low pit density (830 cm™) and investigated the

influence of these pits on the HEMT characteristics like /psmax, Vin and BVopr with respect to



distance from the active region of a HEMT. Further. these electrical characteristics were compared
with optical measurements namely cathodoluminescene (CL) and Raman spectra measured at
various distance from a deep-pit. Analyzing electrical and optical characteristics of deep-pits
revealed more about its nature and the significant region around a pit affected by high dislocations
and increased strain.

AlGaN/GaN HEMT heterostructures were grown using Taiyo-Nippon Sanso SR4000
horizontal MOCVD reactor. The current HEMT epi-layers were grown on 4-inch Si starting with

100 nm AIN followed by 40 nm AlGaN, 4.0 um thick super-lattice structure (SLS) buffer, 1 um
. A =

i-GaN and final 25 nm |@
top A]()_zf,Gao_mN layer.

The density of deep-pits

on these structures were

2

calculated as 830 cm’

using Nomarski

microscope image. In

figure 4.8, the

. 1 Fig. 4.8. (a) Cross sectional Transmission Electron Microscope image of
cross-sectiona AIGaN/GaN grown on Si substrate; (b) magnified view of the SLS buffer at
v-shaped defect; (¢) origin of the pit from Si substrate.

transmission electron
microscope image shows pit size of 1.5 um diameter originating from the Si substrate. The
v-shaped defect present throughout the grown epi-layer starting from Si until the surface layer as it
can be seen from figure 4.8(a). A more clear view of SLS buffer at v-shaped defect is shown in Fig.
4.8(b). These pits originate from the Si substrate as shown in Fig. 4.8(c).

HEMT devices passivated with 100 nm SiO, were fabricated with dimensions of gate

width (W) = 15 um, gate length (Lg) = 1.5 um and gate-drain length (Lg) = 4 um. The process
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details of the HEMT fabrication are similar to our earlier report [8]. The dc current-voltage

(Ips-Vps) characteristics of the HEMTs were measured using Agilent 4156 semiconductor

parameter analyzer. Since the pit density 550 -1
, Wy/Ly=15pm/ 1.5 pm
is low (< 830 cm™) only one or two pits
L
were present in the vicinity of the device ~ <+—Ipsmax
£ 500 ° 1-1.5
. . g )
region. A number of devices were E S
carefully chosen in two categories g N5
2450 1-2
namely (i) devices which had pit within ™~ ~~0_-0o o
-y
the source-drain active region and (ii) Vih —>
: . . ) . 400 1 . 2.5
devices which had pits outside active 0 50 100 150 200

. . Distance between pit and gate finger, d (um)
region. In both cases, nearest distance

Fig. 4.9. Ipsm,, (solid circle) and ¥y, (open circle) measured
(d) of the gate finger was calculated for HEMTs having pits at various distance (d) from the

gate terminal.

from a pit. All these HEMTs showed

good pinch-off characteristics irrespective of the position of pit. However, there was a difference in
the Ipsmax Observed with regard to the position of these pits from active region. Figure 4.9
summarizes the Ipsmax observed for HEMTs with respect to pit at a distance. The HEMTs showed
better Ipsmax When pits are beyond 50 um away from the device active region. However, 19 %
reduction in Ipsmax Was observed when a pit is found within the active region as shown in figure 2.
Further, this reduction in the Ipsmax Were accompanied by a shift in the threshold voltage. HEMTs
which had pit far away (d > 50 um) underwent complete pinch-off at -2.2 V, where as HEMTs
which had pit near active region (d < 10 um) showed a positive shift in Vi causing an early
pinch-off at -1.8 V. This positive shift in ¥y, for HEMTs having pit within or near the active region

signifies that dislocation densities are high around the region of a pit. Because it is known that

dislocations in III-V nitride heterostructures can produce acceptor-like trap states [9,10] which
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become negatively charged [11]. Therefore, for HEMTs located near the pit, high dislocations

around the pit act as trapping centers for electrons in the 2-dimensional electron gas (2DEG)

channel. This results in partial depletion of 2DEG at the AlGaN/GaN interface causing a low Ipsmax

and a positive Vy, shift.

The three terminal-OFF
breakdown measured on these devices
remain unaffected when these pits are 50
pm away from the active region. A drastic
50% reduction in the breakdown with high
buffer and substrate leakage was observed
when pits are found within the active
region as summarized in figure 4.10. We
reported that growing a thick buffer for the
growth of GaN on Si restricts the buffer

and substrate leakage causing a high

300 T T T
S We/Lg=15pum/ 1.5 um
\E Lgd=4um 0]
N
200 |- o) 1
o o
g o
°
>
g -
2 100
<
r
2
aa)

O - 1 i 1
0 50 100 150 200

Distance between pit and gate finger, d (um)

Fig. 4.10. Three-terminal OFF-breakdown (BVqrr)
measured for HEMTs having pits at various distance (d)
from the gate terminal; BV gy defined as Vpg at which a
leakage of 1 mA/mm was observed.

breakdown.® However, in these samples with deep-pits, in-spite of using a 4 um thick buffer, the

presence of deep-pits causes high buffer and substrate leakage thus deteriorating the breakdown to a

large extent. Therefore, the position of these deep-pits found to affect the device performances

especially when they are within a short range (d < 50 um) from the active region. Hence, it is

necessary to further study the quality of the GaN around 50 pum radius of a deep-pit for further

understanding.

In order to investigate the region around pits, CL was measured in a Hitachi SU-70

scanning electron microscope (SEM) using an Oxford instruments MonoCL4 system. After

confirming the position of a pit with the help of SEM, CL was measured at various distance from
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the pit. The normalized CL spectra as in figure 4 shows the band edge emission (/ggge) at 364 nm

corresponding to GaN band gap (3.4 eV). At wavelengths around 550 nm, yellow luminescence

(Iye)) with varying peak intensity 012
. . 008
was observed for intensity z  k
éomi
; . - ]
measured at various distance S 10k L
g g 50fr 10P0 150 e :
from the pit. The intensity of ﬂ-é 0.8 e ““:m) iy M Dlgts:fe
7= i ;‘:-.*llh(i.wi’\";' i)
yellow band emission depends on -431 Bk ( Al ;TI W‘I 55 ",(l;i I'hﬁ jLH( 58i
= 0.4 | T e
the growth conditions [12] and £ 5| /l T iy k100 um
S "1 x 20 times
reflects the quality, un-intentional < 900 400 & 56(; = 6(I)0
Wavelength (nm)

doping of the GaN grown. A
Fig. 4.11. Cathodoluminescence measured for an AlGaN/GaN

epi-layer having pit. The CL was recorded by focusing the beam spot
at various distances from a pit. Inset: Intensity ratio (Jyvo/feqge)
. . decreased as CL was measured at a farther distance from a deep-pit,
measured at the pit and it and a CL image captured around a deep-pit marked by a circle.

highest Iy, was observed for CL

gradually became weak as the

beam spot moved away from the pit. The relative intensity ratio (/ve///gage) as in the inset of figure
4.11 shows a decrease in intensity ratio with increase in the distance from the pit. For CL measured
at distances beyond 50 pum from the pit, there is not much change in the intensity ratio. This
illustrates that yellow luminescence is high for regions within 50 pm of the deep-pits signifying a
larger dislocation density for regions around deep-pits. The inset of Fig. 4.11 shows a CL image

captured around a deep-pit.

In order to study the stress created by deep-pits, we performed micro-Raman measurements
in £> Raman mode which is known to be shifted by stress alone [13]. To start with, E; Raman
spectra was measured on GaN substrate (shift at 567.6 ecm™), which is considered as the reference

(dashed line in Fig. 4.12) for unstressed GaN films. Then for samples with deep-pits, micro-Raman
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measurements were measured starting at the pit and at various distance from the pit. Before
measurement it was confirmed that no other pits were present in the neighboring vicinity of 300 pm
radius of the pit chosen for investigation. The Raman shift peak position measured at various
distance from the pit are shown in Fig. 4.12. Comparing with the peak position for unstressed GaN
films, the E; mode observed for our GaN on Si substrate confirms the presence of tensile stress [14].
It is well known that the type of stress observed for GaN grown on Si and sapphire is tensile and
compressive respectively. From figure 4.12, it is concluded that there is an additional tensile stress

for regions within the 40 pm

: 568
f a deep-pit. H ,
range of @ deep-pll. However GaN substrate (Un strained)
T ] e ~

as we move away from the pit -

£ 5672 E; mode |
(beyond 40 pm), the Raman 2 )
N ; & 566.81 7
shift peak position remained ~<

= 566.41 -
constant without any additional &

E 5661 .
change in tensile stress. This /& 565. N
further confirms that regions I | L

565.2 0 40 80 120 160

beyond 50 pm from a deep-pit Distance from pit, d (um)

Fig. 4.12. E; Raman shift measured at various distance from a pit.
The E; Raman shift peak position for a GaN substrate is identified
with a dashed line.

do not pose any detrimental
effects on the  device
performance.

Asa summary, we have made an in-depth study on the regions around deep-pits and their
limitations on the performance of MOCVD grown AlGaN/GaN HEMTs on Si substrate. It is
concluded that for regions within 50 pum distance of deep-pits, there is a degradation observed in
device performance. If the active region of the HEMTs are within the 50 um distance from a

deep-pit, then it leads to 19% decrease in the Ipsmax and positive shift in the Vy, signifying an early
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pinch-off. The early pinch-off for devices within the 50 pm distance of deep-pit confirms the

presence of high dislocations causing dislocation scattering. These high dislocations cause 50%

decrease in BVorr due to large buffer and substrate leakage current. Further, the 50 pm radius

defective region around the pits were confirmed by CL and Raman shift measurements. Therefore,

for AlIGaN/GaN epi-layers grown on Si having a low density of deep-pits on the surface, the pits

does not impede the normal performance of the HEMTs if the source/drain active region is located

far away at a distance of 50 pm from the deep-pits.
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Chapter 5

Summary of Results

MOCVD grown AlGaN/GaN HEMTs on 4-inch Si substrate were studied for enhancing

the drain current density and breakdown. Al,0; based thin gate dielectrics were used to control the

gate leakage and increase the positive gate biasing. Thick AlIGaN/GaN HEMT epi-layers were

grown to control buffer and substrate leakage currents and offer high breakdown. The challenges

before the GaN on Si were studied in detail. The following are the summary of the results discussed

in this report:

[1].

[2].

The effect of thin 3 nm Al layer deposition prior to the gate metal (Pd/Ti/Au) was studied
and found that the Al layer oxidized into an oxide layer of 3.75 nm thickness. Due to the
oxide formation, there is an increase in (i) drain current density and (ii) density of electrons
at the 2DEG channel. The oxide formation was confirmed by AES and identified as Al,O;
by XPS spectra. A systematic study of oxidizing Al into high quality Al;O3 should be further
explored for providing an ideal gate insulator and passivation for high power device
requirements.

The device characteristics of AIGaN/GaN HEMTs, MOS-HEMTs grown on Silicon were
studied using plasma oxidized Aluminum at the Schottky contact. The Al based
MOS-HEMTs are reported to enhance the drain current density (1086 mA/mm) with a
possible application of gate bias as high as +3.5 V. On the other hand plasma treated
MOS-HEMTs have reduced drain current density due to plasma damage during O, plasma
oxidation leading to a high interface state density in the Al,O3/AlGaN interface. The
inclusion of a thin oxide layer, or plasma oxidized Al reduces the gate leakage current by an

order. This is due to the removal or absorption of oxide interface states present at the A1GaN
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[3].

[4].

[5].

cap layer by thin Al metal which forms aluminum based oxide (Al,O3). The use of thin
ALOs as the gate dielectric is recommended for AlGaN/GaN based MOS-HEMTs with a
possible high gate voltage operation.

AIN cap layered MIS-HEMTs on 4 in. silicon with good device properties were studied. The
MOCVD grown AIN morphology was improved with Ry roughness of 1.03 nm. However
this is the best morphology reported so far for any thin AIN grown as cap layer over
AlGaN/GaN HEMT on silicon. For AIN MIS-HEMT the increase in the sheet carrier
density was observed to shift the 2DEG channel towards the AlGaN/GaN interface thereby
increasing the transconductance. The decrease in Ipsmax for MIS-HEMTs is due to surface
roughness arising out of lattice mismatch at the top AIN insulating layer. The fabricated
AIN/A1GaN/GaN MIS-HEMTs show reduced current collapse with two orders of
magnitude less gate leakage and high breakdown.

Without using a field plaie, a high breakdown was demonstrated successfully for
AlGaN/GaN HEMTSs. A high breakdown of 403 V for AlIGaN/GaN HEMTs with a Lgg of 3
pm and a breakdown of 1813 V for i-GaN were achieved. These results indicate a method to
enhance the breakdown of AlIGaN/GaN HEMTs without using field plate structure.

Based on the experimental results, the following points are noteworthy to enhance the
breakdown of AlGaN/GaN HEMTs on Si substrate: (a) Growing thick wide band gap
material increases the resistance between the surface eiectrode and the silicon wafer to
improve the breakdown, (b) Increasing the Tg,r will improve the quality of GaN growth on
Si thereby reducing the Dp which in turn increases the breakdown, (c) However for devices
with very small Lyq (= 3 um) there is an upper limit to this type of breakdown enhancement
by increased Tpyr as they undergo premature breakdown due to high field developed at the

gate-drain region. This breakdown could be improved further by increasing the Lgq without
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[6].

[7].

compromising on the device properties like Ipmax and gmmax. Further detailed study is needed
to understand the relation between the dislocation density and breakdown enhancement.
AlGaN/GaN HEMTs grown on Si with deep hexagonal pyramid shaped pits on the surface
pose a challenge for these devices. The deep-pits and their impact on the breakdown
characteristics were studied. Presence of shallow pits alone does not affect the device
breakdown. But devices with deep pits have their pits originating from the Si substrate
providing a path for high buffer and substrate leakage currents which limits the device
breakdown. In-spite, of using thick buffer layers, the deep pits reach the AlGaN surface
layer from substrate. For high power device applications, thick epi-layers are preferred
which are completely free from deep pits in order to find its application for high power
device applications.

An in-depth study on the regions around deep-pits and their limitations on the device
characteristics of MOCVD grown AlGaN/GaN HEMTs on Si substrate were studied. It is
concluded that for regions within 50 um distance of deep-pits, there is a degradation
observed in device performance. If the active region of the HEMTs are within the 50 um
distance from a deep-pit, then it leads to 19% decrease in the Ipsmax and positive shift in the
Vin signifying an early pinch-off. The early pinch-off for devices within the 50 um distance
of deep-pit confirms the presence of high dislocations causing dislocation scattering. These
high dislocations cause 50% decrease in BVopr due to large buffer and substrate leakage
current. Further, the 50 um radius defective region around the pits were confirmed by CL
and Raman shift measurements. Therefore, for AlGaN/GaN epi-layers grown on Si having a
low density of deep-pits on the surface, the pits does not impede the normal performance of
the HEMTs if the source/drain active region is located far away at a distance of 50 um from

the deep-pits.
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