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Abstract

Subthreshold drain leakage can be suppressed in GaN HEMTs by intentionally
doping the GaN buffer with deep acceptor dopants such as C and Fe or by using
a double heterostructure. In this thesis, both concepts, doping and using double
heterostructure were investigated using numerical device simulation. The main
focus was on the study of transient electrical behaviour and the understanding
of trapping behaviour of deep acceptor dopants which causes current collapse.
It was found that current collapse is dependent on dopant concentration and is
worse with Fe doping than with C doping. These results were explained by con-
sidering the potential barrier formed in the GaN buffer due to electron trapping.
Transistors with an undoped GaN channel layer on top of a doped GaN buffer
layer had a small current collapse but much a higher drain current.
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Chapter 1

Introduction

GaN based HEMTs have attracted considerable attention over the last decade.
First fabricated in 1993 [1], GaN based HEMTSs have been commercially avail-
able since 2005 [2]. The major application areas today include RF and mi-
crowave electronics [3].

GaN has several advantages over conventional ITI-V semiconductors. With a
wide bandgap of 3.4 eV, GaN based HEMTSs can be operated at high electric
fields and high temperatures. The electron density in the channel is also higher
in comparison to other III-V semiconductors like GaAs. Although the low-field
mobility of electrons in GaN bulk is lower than that of GaAs, GaN has a larger
saturation velocity. Due to these qualities, GaN HEMTs are suitable candidates
for high power and high voltage applications.

One of the concerns with GaN HEMTs is the subthreshold drain leakage at
high drain-source bias. Electrons can punch through the GaN buffer at high
electric fields. This effect can be suppressed by intentionally doping the GaN
buffer with deep acceptor impurities such as C and Fe which trap electrons
and reduce current leakage. These traps however, also cause unwanted memory
effects resulting in current collapse; a phenomenon described as a temporary
decrease in current due to trapping of electrons. It is important to address such
nonlinear behaviour because it severely limits the output power performance [4].
As an alternative to doping, a double heterostructure which confines electrons
in the channel can also be used to minimize current leakage.

In this thesis, both concepts, doping and using double heterostructure are
investigated using numerical device simulation. The main focus is on the
study of transient electrical behaviour and understanding of trapping dynam-
ics which causes current collapse. A brief background of GaN HEMTs and
trap dynamic is given in Chapter 2. The simulation setup, models and pa-
rameters are covered in Chapter 3. The result section, Chapter 4, is di-
vided into four groups; AlGaN/GaN:[C] HEMTs, AlGaN/GaN:[Fe] HEMTs,
AlGaN/GaN/GaN:[C] HEMTs and AlGaN/GaN/AlGaN HEMTs. DC and
transient pulsed simulation results are discussed for all the four device struc-
tures. Finally, the results are summarized and a conclusion is drawn in Chapter
5.
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Chapter 2

Theory

2.1 Polarisation

The unit cell of GaN with hexagonal wurtzite structure is shown in Fig. 2.1.
The spacing between two hexagonal lattice planes is defined by ¢, the distance
of atoms in the hexagonal plane is defined by a and the bond length along the
c-axis is defined by u [5]. For an ideal hexagonal wurtzite structure, the lattice
constant ratio ¢/a is /8/3, and u is 3/8 [6]. However, due to the internal
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Figure 2.1: Hexagonal wurtzite crystal structure of GaN. Picture taken from [7]

asymmetry along the c-axis of GaN crystal the ¢/a ratio differs from the ideal
value giving rise to spontaneous polarization [8]. This is an intrinsic property
of the material and exists even in bulk.

Piezoelectric polarization, on the other hand, is induced by mechanical strain.
The lattice constant of AlGaN is smaller than that of GaN. Due to this differ-
ence the thin AlGaN layer is strained which gives rise to piezoelectric polariza-
tion.



4 CHAPTER 2. THEORY

2.2 AlGaN/GaN HEMT

The high polarization in AlGaN/GaN heterostructure results in a high electric
field which produces a high charge density at the interface. Free electrons tend
to compensate this polarization induced charge. A two-dimensional electron
gas (2DEG) is thus formed at the AlGaN/GaN interface provided that the
conduction band offset is reasonably high [9].

Unlike other conventional HEMTs, intentional doping is not required in GaN
HEMTSs due to high internal polarisation. A sheet carrier concentration of
10'3 cm ™2 can be achieved without any intentional doping. There are different
theories explaining the origin of the electrons in 2DEG but it is generally agreed
that they come from the donor states on the AlGaN surface [10,11].

Fig. 2.2 shows the device structure of a typical AlGaN/GaN HEMT. The current
flows from the Ohmic drain contact through the 2DEG channel to the Ohmic
source contact. The size of the channel is controlled by the voltage applied at
the Schottky gate contact. The sheet carrier concentration ng varies along the
channel as [12]

ny (z) = 23 _ <€oe(x)

e de?

) [edp (x) + EF () — AE. ()], (2.1)

where o () is the positive piezoelectric sheet charge density, € is the dielectric
constant of AlGaN, d is the width of the AlGaN barrier, e¢, is the Schottky
barrier of the gate contact, Fr (z) is the Fermi level with respect to the GaN
conduction band and AFE, (z) is the conduction band offset at the interface.
AlGaN/GaN HEMTs are normally on device. Therefore, a negative gate voltage
larger than the threshold voltage has to be applied to pinch off the channel as
shown in Fig. 2.3.

& depsity
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electran concentration
in 2DEG

Mosmememeeee=n=

Figure 2.2: AlGaN/GaN HEMTSs device structure with energy of conduction band
(blue) and electron density (red). Picture taken from [13].
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Figure 2.3: 2DEG modulation when V>0 (left), V<0 (middle) and Vys<Vip,. Picture
taken from [14].

2.3 Trap Dynamics

Traps can be created on the surface or in the bulk of the heterostructure by
external dopants, impurities and intrinsic defects. In this thesis only the traps
created by external doping will be considered. External dopants can introduce
localized states with energy level Ep in the forbidden energy gap of the semi-
conducting material. Charge carriers can be captured or emitted from these
levels. Assuming that a system is in equilibrium, the probability of capture
and emission would depend on the Fermi level. The probability that a trap is
occupied by an electron f; is given by [15]

1

fi= (Bi—Ey)’

- (2.2)
1+ exp =77+

where F; is the energy level of the trap. The electron capture rate at the same

location as the trap is

" = vgonn, (2.3)

where vy, is the thermal velocity, o, is the capture cross section for electrons
and n is the number of electrons. The electron capture rate R' is proportional
to the number of unoccupied traps [15]

R' = c"Ny(1 - f1), (2.4)

where N, is the number of traps. Similarly, the electron emission rate R? is
proportional to the number of occupied traps [15]

R? = "N, fy, (2.5)
where e” is the electron emission rate given that a trap is occupied.

When the system is in thermal equilibrium, the forward and reverse process
balance each other. Therefore, R! and R? are equal in equilibrium [15].

Vehon N (1 — fi) = €" Ny fy (2.6)
Since n = n; exp Efk_TEi ,
E; - E; .
VthOnNi €XP fiNt(l — ft) = "N f (2.7)

kT
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From Eq. 2.2, 1;30‘ = exp Etk_TEf, SO
E, — E,

= (2.8)

e" = Vo exp

Since Eq. [2.8] does not depend on the electron occupation probability f; (and
the Fermi level), it is valid even in nonequilibrium conditions although it was
derived using equilibrium assumptions. This equation shows that there is an
exponential relationship between trap energy level and emission rate. Traps
with energy level closer to the conduction band have a higher electron emission
rate.

2.4 Current Collapse

Current collapse refers to the temporary reduction in drain current after the
application of a high drain-source bias [4]. Fig. 2.4 shows an average of about
800 pulsed measurement results of AlGaN/GaN HEMT for drain voltage pulsed
from 15 V to 30 V. When the drain voltage is pulsed to 30 V for 0 ps, electrons
from the channel are accelerated and penetrate the GaN buffer where they
get captured by traps. Due to the trapping of electrons, the drain current
decreases.
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Figure 2.4: Average measured transient drain current responce at Vys = -1.8 V, Vg,
pulsed from 15 V to 30 V. Measurements taken by Daniel Niessen.

The electrons remain trapped for a while even after the drain voltage is pulsed
back to 15 V. Therefore, the drain current level after the pulse is lower than
that before the pulse. The trapped electrons can be emitted by stimulus like
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light or heat which assists them to overcome the emission barrier and return to
the channel [4]. Thus, this is a recoverable phenomenon as the drain current
eventually comes back to its equilibrium level.

Current collapse is observed in other semiconductor devices like AlGaAs/GaAs
HEMTs as well. However, it is more problematic in GaN based HEMTs due
to the high operating voltage and the relative immaturity of GaN technol-

ogy.
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Chapter 3

Simulation

3.1 Simulation software

Synopsys TCAD was used to perform numerical device simulations. Synopsys
provides a number of tools for simulating devices, managing simulation tasks
and analysing simulation results [16]. The following tools were used in this
project:

Sentaurus structure editor (SSE) creates 2D and 3D device structures. The
structure of a device is approximated by a "mesh” consisting of a large number
of elements. Continuous physical quantities like electric field and temperature
are converted into discrete elements of a mesh. A higher mesh density gives
a more accurate and precise result but at the cost of a higher computation
time. Therefore, denser meshes were used only in the regions where the current
density and electric field was expected to be high as shown in Fig.3.1. Meshing
strategies and doping profiles were defined using SSE.

S D

Figure 3.1: HEMT structure with Mesh created in SSE. The mesh density is higher at
the interface.

Sentaurus Device (SD) solves the Poisson’s equation and the carrier continu-
ity equations for given boundary conditions and device structure. The software
uses numerical solvers which iterates repeatedly until a solution with desired
accuracy is obtained [17]. Models defining mobility, bandgap, recombination
and other physical properties were specified in SD.
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Visualisation software Inspec was used to plot I-V characteristics. Sentaurus
Visual (SV) was used to visualise 2D output data from the simulation for current
density, trap occupation, band diagram and others.

Sentaurus work bench (SWB) provides a graphical user interface to inte-
grate all other Synopsys tools. SWB was used as a framework to create, manage,
execute and analyse TCAD simulations [16].

. = Command file
Input: * Command file " Parameter file
v h v
Simulation SSE SD Inspec SV
tool:
Qutput: i E;i,gﬂff = = Currentfile _] v |-V plots 2D Image files
. * Dopingfile = Plotfile = I(t)plots (eg. eDensity)

Figure 3.2: Simulation tool workflow with important input and output files

3.2 Device Structure and parameters

The schematic of the simulated AlGaN/GaN HEMT structure is shown in Fig.
3.3. 20 nm thick Aly.25Gag 75N barrier layer on top of 2 pnm thick GaN buffer
layer was simulated. Some properties of the materials used are given in Table.
3.1.

Table 3.1: Material properties of GaN, Alg 25Gag.7sN and SiC [18-22]

GaN A10,25Gao_75N SiC

. . Tto c-axis  10.4 10.13 9.8

Relative Permittivity 1 to coaxis 95 9.06 9.8
Bandgap at 300 K (eV) 3.40 4.10 3.19
Electron affinity at 300 K (eV) 3.44 3.05 4.10

The polarization effect was modelled with a fixed positive density charge of
1.39 x 10*® cm™2 at the AlGaN/GaN interface and a fixed negative charge
density of 3.20 x 10'® cm™2 at the A1GaN/SizN, interface [9].

A donor trap sheet density of 1 x 10'* cm™2 was set at the SisN,/AlGaN-barrier
interface. The surface barrier (¢5), which is the difference between the AlGaN-
barrier conduction band and Fermi level at the surface, was modelled as a single
donor energy level equivalent to 1.78 eV below conduction band [23]. Drain



3.3. PHYSICAL MODELS 11

3um 0.7 um 0.25 pm 1pm 3um

0.2 pm G

20 nm

Aln.25Gan,75N
2 um GaN

Sic

Si;Ny

Contact
10um

Figure 3.3: Simulated device strucure (not drawn to scale)

and source contacts were modelled as Ohmic metal/semiconductor interface on
heavily doped AlGaN region. A doping concentration of 1 x 1020 cm ™3 was set
in the AlGaN regions under the contacts.

The interface between two materials were modelled as heterointerface. Fermi-
Dirac distribution statistics and Shockley-Read-Hall recombination were en-
abled. The temperature was fixed to 298 K and background doping was not
considered.

3.3 Physical models

Sentaurus device allows us to choose from a variety of different physical models.
Some important models that were used in this thesis are described below

Drift Diffusion model

The drift diffusion (DD) model is based on the method of moments solution of
the Boltzmann’s transport equation (BTE) [24]. The basic idea of BTE is that
the time rate of change of probability distribution function, f, is proportional
to the scattering events [24].

df af
R 3.1
dt { ot }scattering ( )
By applying relaxation time approximation, BTE can be expressed as [24]
daf F_f-fo
L=V, f- =400 2
pr Viof vg+ Vif 7 - (3.2)

where vy is the group velocity of distribution, V, and V, are the gradient in real
space and momentum, F is the applied force and fy is the distribution function
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at thermal equilibrium. Moments of the BTE are obtained by multiplying Eq.3.2
by a quantity to be conserved and integrating over all k space [24]. The first
moment, where the the quantity to be conserved is the particle number, gives
the current continuity equations

on
I, = - )
v qR+qat (3.3)
dp
_\. — £ 4
V-Jp qR+q8t (3.4)

where J, is the electron current density, Jp is the hole current density and R
is the net recombination rate. The DD equation takes into account the first
two moments of BTE. The current density is expressed as a sum of drift and
diffusion term as [25]

Jn = ngu,VE +¢D,,Vn (3.5)

Jp = paupVE — ¢D,Vp (3.6)

where 1, and p, are the electron and hole mobility, and D,, and D, are the
corresponding diffusion coefficients. u, and D, are related by the Einstein
relation [25]

T
D, = un% (3.7)

From 3.7, 3.5 and 3.6, the current density can be finally expressed in terms of
quasi-Fermi potentials as [25]

Jn = —nqun Vo, (3.8)
Ip = —pappVoyp (3.9)

SD also offers other transport models. The Hydrodynamic model (HD), for
example, considers the first 4 moments of BTE and is thus physically more
accurate. However, to reduce the complexity and save computation time, only
the basic drift-diffusion model was used in this project.

Mobility model

Fig. 3.4 shows the velocity of various semiconductors as a function of electric
field. The electron velocity in Si and SiC increases with an increase in electric
field and then saturates at high fields. The electron velocity in AlGaN/GaN
interface however, does not saturate but continues to increase at slower rate
and then decreases.

Therefore, a mobility model with two linear regions described in [27] was used
for AlGaN/GaN. This model takes into account the electric field and also the
lattice temperature. The mobility is given by

W(T, E) = fLE (3.10)

B
B pLrE
\/l + <U0+iLI;{FE>
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Figure 3.4: Electron velocity as a function of electric field for various semiconductors
(Ng = 10'7 ecm™?). Picture taken from [26]

T —HLFexp
B HLFo (To) (3.11)

ey R oo )"
ﬂO(TlO) #LFO(TO) E
1+ T\ YOezp T\ FHFexp

UOO(TO) +I»¢HF0(TT)) E

where F is the electric field parallel to the current, pyp is the differential mo-
bility at low electric fields, vy is the intersection of extrapolated high field with
the y-axis, and 3 governs the smoothness of the transition between the low-field
and high-field regions. The temperature dependence is modelled by the expo-

nents Urrexp, MHFexps Voexp a0 Bexp. Bo, prro, frFo and vog are values at
Ty [27].

3.4 Trap Definition

Acceptor type traps were simulated in the GaN buffer layer. These traps are
neutral when unoccupied and carry the charge of one electron when occupied.
The traps were uniformly distributed in the GaN buffer. The energy of the
traps was set to a single specified level. In literature, different values of the
trap energy level for C [28] and Fe [29] doping can be found. While the exact
value of the trap energy level is in debate, there is a general agreement that
C traps form acceptor levels in the lower half of the energy gap and Fe traps
form acceptor levels in the upper half of the energy gap. In this thesis, C and
Fe trap energy levels were set to 0.9 eV [30] and 2.9 eV [31] above the valance
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band respectively. The capture cross section was set to 1 x 107 c¢m? for both
C and Fe traps [32].

The electron capture rate from the conduction band cg at a location same as
the trap is simulated as [33]

CH = OpUth N, (3.12)

where o, is the electron capture cross section, vy, is the thermal velocity and n
is the electron density. Similarly, the electron emission rate to the conduction
band is simulated as [33]

(Birap — Ec)

T (3.13)

ee = v N exp|

where N¢ is the electron density of state, Et.qp is the trap energy level and
FE¢ is the conduction band energy.



Chapter 4

Results

Four different transistor were investigated; AlGaN/GaN:[C] HEMTs,
AlGaN/GaN:[Fe] HEMTsS, AlGaN/GaN/GaN:[C] HEMTs and
AlGaN/GaN/AlGaN. DC and transient pulsed simulation results for all
four transistors will be discussed in this section.

4.1 AlGaN/GaN:[C] HEMTs

The simulated I-V curves for AlGaN/GaN HEMTs with 20 nm thick

Alp.o5Gag 75N barrier layer and 2 pm thick GaN buffer layer are shown in Fig.
4.1.

[ vais= 10V

Vds=4V
15 157 | Vels= 2 V
. . ||m=—vds=1v
£ £
£ £
Z Z
€ 19 €
] ]
5 5
5] 5]
£ £
o o
0 g5 (=]
05 —gs= 3V
Vgs=-2V
— /gs= -1V
0 m— \/gs=0V
L e e e e I L B B R S B — T T T
0 2 4 [ 3 10 10 5 0
Drain Voltage (V) Gate Voltage (V)
(a) (b)

Figure 4.1: Simulated I-V curves for Al1GaN/GaN HEMTs (a) Ips-Vps (b)Ips-Vas

Subthreshold drain leakage current can be observed for Vs = 10 V in Fig. 4.1b
due to the punch-through effect. Even when the channel is pinched off, electrons

15



16 CHAPTER 4. RESULTS

can flow through the GaN buffer under the depleted channel at high V5. This
leakage current can be suppressed by doping the GaN buffer with deep acceptor
impurities which trap electrons. Two commonly used dopants in GaN HEMTs
are C and Fe. In this section, the DC and transient characteristics with C doped
GaN buffer will be discussed.

4.1.1 DC characterisation

Fig. 4.2 shows the I-V curves for AlIGaN/GaN HEMTs with 1 x 106 cm=2 C
dopants in the GaN buffer. It can be seen that drain current is lower with C
doping than without any doping. The drain leakage current at Vi, = 10 V is
suppressed and the output resistance is higher.

|[mvds=10V
Vds=4V
1.5 15 | o Vels= 2
— | —ds=1V
E E
£ £
Z Z
€ 17 € 17
[ [
5 5
=] =]
£ £
[ [
0 g5 0 g5
0.57 —Vgs=3V 0.57
i Vygs=-2V i
B — \/gs= -1V B
it —\/gs=0 1
0 0
T T — 7
0 2 1 6 [ 10 -10 5 0
Drain Voltage (V) Gate Voltage (V)

(@) (b)

Figure 4.2: I-V curves for AlGaN/GaN HEMTs with 1 x 10'® C doped GaN buffer (a)
Ids‘vds (b)Ids‘Vgs

Similar plots were simulated for AlGaN/GaN HEMTs with 1 x 1017 em=2 C
doped GaN buffer. The I-V curves for the three different cases are compared in
Fig.4.3. It can be seen that the drain current further decreases with 1 x 107
cm ™2 C doping. The V;, increases from —4.1 V for 1 x 10'® C doping to —3.4
V for 1 x 1017 doping.

These results can be explained by considering the trapping behaviour of C im-
purities. The traps created by C dopants in the GaN buffer capture electrons
from the 2DEG channel. Therefore, the electron density is lower which results
in a lower drain current. With more dopants, more electrons from the chan-
nel are trapped in the buffer. Therefore, the drain current decreases as the C
concentration increases.

The increase in V4, and output resistance with higher doping is due to the in-
crease in buffer potential as shown in Fig. 4.4a. As mentioned earlier, occupied
traps carry a charge of one electron. This negative charge in the buffer increases
the potential barrier. As a result, the subthreshold drain leakage through the
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Figure 4.3: I-V curves for AlGaN/GaN HEMTs with no doping, 1 X 10*® cm ™2 and
1x 10 em™ C doped GaN buffer (a) Iys-Vas at Vys =-3 V (b) I4s-Vys at Vs = 10V

N

=== no doping
= [C]=1X10"°
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Figure 4.4: (a)Energy diagram of conduction band at steady state for AlGaN/GaN
HEMTs with no doping, 1 x 10*® em™2 and 1 x 107 cm ™2 C doped GaN buffer as a
function of distance from the AlGaN/GaN interface (b) 2DEG

buffer is suppressed and V;j, is increased. Although a higher dopant concen-
tration is desirable to achieve a higher V;;, it also results in a lower drain
current. Therefore, there is a trade off between higher V;;, and higher drain
current.

4.1.2 Transient pulsed simulation

For transient simulations, the drain voltage was pulsed from 15 V to 30 V for a
period of 10 ps as shown in Fig.4.5a. The ramping time was set to 10 ns. The
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gate voltage was kept constant at -4 V.

Fig.4.5b shows the transient simulation results for AlIGaN/GaN HEMTs with
1 x 10'6 C doping and no doping. It can be seen that without any doping, the
drain current follows the drain voltage linearly. The current after the pulse is
exactly equal to the current before the pulse. This however, is not the case
with 1 x 10'6 C traps. When the drain voltage is ramped to 30 V, the current
reaches a maximum value and then decreases. A small peak can be observed as
the current decreases rapidly during the first 2 ps. The drain current after the
pulse also goes down by 12.1%.

] —10ps > \ —[C]= 1X106
307 ) = () traps
] E
= | £
o %5 <
9 £
> 1 3 0.5+
c 207_ O
£ £
° 5
R —
T T T T
1e-05 2¢-05 3e-05 de< 1005 205 3e-05 de<
Time [s] Time [s]

(a) (b)

Figure 4.5: (a) Drain voltage pulsed from Visq= 15 V to Vgsp= 30 V (b) I4s(t) for
AlGaN/GaN HEMTs with 1'® C doping and no doping at Vys= -4 V

This can be explained by considering trap dynamics. Before the pulse, there
is an equilibrium between the process of electron capture and emission. When
the drain voltage is ramped to 30 V, electrons gain more energy and spill over
in the buffer as shown in Fig. 4.6(b). It takes some time for the electrons to
get trapped. In the beginning, traps closer to the interface are filled quickly
resulting in a rapid decrease in current. Gradually over time, traps located
deeper in the bulk are filled.

D eDensity (cm”-3)

.2.3075+20
4.325e+18
8.105e+16
1.519e+15
2.847e+13
5.336e+11

. 1.000e+10

(a) (b} (c)

Figure 4.6: Electron density (a) before, (b) during and (c) after the drain voltage pulse
at Vye=-4 V.
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Once captured, the electrons remain in the traps unless they gain enough energy
to go back. When the drain voltage is ramped down to 15 V, a lot of electrons
which were trapped during the pulse still remain trapped in the buffer. Fig.
4.7 shows the difference in the density of trapped electrons before and after the
pulse. The blue region represents the area where traps that were unoccupied
before the pulse were occupied after the pulse. It can be seen that more electrons
get trapped below the gate region after the pulse.
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Figure 4.7: The difference in occupied trap density before and after the pulse

Therefore the electron density in the channel after the pulse is lower than be-
fore as shown in Fig. 4.6. This phenomenon is known as current collapse. If
the simulations are run for a longer time it can be observed that the current
gradually increases back to the equilibrium position as the captured electrons
are emitted from the traps.
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Figure 4.8: (a) I4s(t) when Vg, was pulsed from 15 V to 30 V for 1 us, 5 ps and 20 ps
at a constant Vys = -4 V (b) zoom in of (a) showing current collapse

Fig. 4.8 shows the transient drain current response when the drain voltage
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was pulsed from 15 V to 30 V for 1 ps, 5 ps and 20 ps. The Vi, was kept
constant at -4 V. For drain voltage pulse duration of 1 ps, 5 pus and 20 ps, the
current collapse was 11.3%, 12.0% and 12.3% respectively. The current collapse
increases with pulse duration because more electrons are trapped over a longer
period of time. However, the rate of electrons being trapped decreases gradually
as more and more traps are filled. Therefore the difference in current collapse
between 1 ps and 5 us is 0.7% while the difference is only 0.3% between 5 us
and 20 ps although the time duration difference is longer.

Vps Dependence

Fig. 4.9a shows the drain current when Vy; was pulsed from 5 V to 15 V, 30 V
and 60 V. The V,, was kept constant at -4 V. It can be seen that for a higher
pulse drain voltage, the peak in the drain current is sharper. The reason for this
is that at higher drain voltage electrons have more energy and can penetrate
deeper in the buffer in a shorter duration of time. As a result, more electrons
get trapped in the buffer. Therefore, the current collapse is higher for a higher
Vasp as shown in Fig. 4.9b. For Vg, 15 'V, 30 V and 60 V, the current collapse
is 6.9%, 63.8% and 90.2% respectively.

—Vdsp= 15V ] —Vdsp=15V
1 —\/dsp =30V —\/dsp =30V
0.8 —VdSP =60V 003_’ —VdSp = 60V
£ E
06
<, <,
- = 0.02]
c c
g 0.4 g
5 o 5
o O 501
0.2
11— e
R T
1e-05 2e-05 3e-05 4oL 1205 2e-05 3e-05 4oL
Time [s] Time [s]

(@) (b)

Figure 4.9: (a) I4,(t) for Vgsp =15V, 30 V and 60 V at Vys =-4 V (b) Current collapse

Vs Dependence

Fig. 4.10a shows the drain current when the drain voltage was pulsed from 15
V to 30 V for Vg = -2V, -3 V and -4 V. The percentage current collapse for
different Vg, is shown in Fig. 4.10b. It can be observed that as the gate voltage
decreased, the current collapse increases. This is because, with a more negative
gate voltage the channel is closer to pinch off and there are fewer electrons in the
channel. The electron density for different Vi, can be seen in Fig. 4.11. For a
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Figure 4.10: (a) [4s(t) for Vs = -2V, -3 V and -4 V (b) Percentage current collapse
for different Vys. Vs pulsed from 15 V to 30 V.
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Figure 4.11: Electron desnsity near the AlGaN/GaN interface for differnt Vi,

lower gate voltage there are fewer electrons in the channel and they are sparsely
distributed. Therefore, a higher fraction of electrons get trapped.

Doping concentration

Fig. 4.12a shows the drain current for AlGaN/GaN HEMTs with 1 x 106 ¢cm =3
and 1x10'7 em™3 C doping concentration in the GaN buffer. Again the V,, was
pulsed from 15 V to 30 V and current collapse for different V, was calculated.
The percentage current collapse for different C doping concentration can be
seen in Fig. 4.12b. It can be seen that the current collapse increases when
the doping concentration is increased from 0.8 x 10'6 cm™2 to 1 x 106 cm™3.
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Figure 4.12: (a) I45(t) with 1 x 10'® ecm™® and 1 x 10'” em™® C doping concentration
Vys= -3 V (b) Percentage current collapse for different V5. Vs pulsed from 15 V to
30 V.

However, when the dopant concentration was increased further to 1.5 x 10'6
cm ™2 and 1 x 10'7 cm™3the current collapse decreases. This results was rather
unexpected since it was presumed that the current collapse would be worse with
more traps.

These results can be explained by considering the screening effect of occupied
traps. Traps filled with electrons are negatively charged. As more and more
traps become occupied it gets increasingly difficult for electrons from the channel
to penetrate the GaN buffer. The negative charge of the occupied traps confine
electrons in the channel resulting in fewer electrons being trapped.

Fig. 4.13a shows the density of occupied traps after the pulse for 1 x 106 cm=3

and 1 x 10’7 cm ™3 C doping. It can be seen than for 1 x 10'® cm™2 C doping,
traps located deep in the bulk are fully occupied. For 1 x 10'7 cm™2 C doping
however, fewer traps deep in the buffer are occupied. This can be explained by
the conduction band energy diagram shown in Fig. 4.13b. For 1 x 106 ¢cm~3
C traps, the conduction band energy near the interface is lower. For 1 x 107
ecm ™3 C traps, the higher density of occupied traps near the channel increases
the conduction band energy and confines electrons more effectively. Thus it
can be said that after a certain number of traps are occupied, the screening

effect of occupied traps dominates and limits the electron spillover into the
GaN buffer.

4.2 AlGaN/GaN:[Fe] HEMTs

4.2.1 DC characterisation

Fig. 4.14 shows the I-V curves for AlGaN/GaN HEMTs with different con-
centrations of C and Fe doping in the GaN buffer. Similar to the case with C
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Figure 4.13: (a) Density of trapped electrons after pulse for 10'® cm™ C doping (top)
and 10'" em™® C doping (bottom) (b) Energy of conduction band at Vys= -3 V near
the drain edge of gate before pulse

doping, the drain current is lower with a higher Fe doping concentration. The
Vip also increases from -4.3 V for 1 x 10'6 cm ™3 Fe doping to -3.8 V for 1 x 10'7
cm ™3 Fe doping.

In comparison to C doping, the drain current is slightly higher and the V;; is
lower with Fe doping. This is because the Fe trap energy level (2.9 eV from the
valance band) is higher than C trap energy level (0.9 eV from the valence band).
Since Fe trap energy level is closer to the conduction band the probability that
a Fe trap is occupied is lower than that for C trap. As a result, with Fe doping
fewer electrons are trapped and the electron density in the channel is higher
which results in a higher drain current. also increases from -4.3 V for 1 x 106
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Figure 4.14: I-V curves for AlGaN/GaN HEMTs without doping, 1 x 10'% cm™* and
1 x 10'" cm ™ doping concentration of C and Fe (a) I4s-Vas at Vys =-3 V (b) Iqs-Vys
at Vgs = 10V
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ecm ™3 Fe doping to -3.8 V for 1 x 10'7 cm ™3 Fe doping,.

The conduction band energy diagram for C and Fe doping is shown in Fig.
4.15a. Due to the shallower energy level of Fe traps, the increase in conduction
band energy is lower with Fe doping. The lower bulk potential along with higher

electron density gives a lower Vy, for devices with Fe doping.
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Figure 4.15: (a) Energy diagram of conduction band at steady state for AlGaN/GaN
HEMTs with no doping, 1x 10 cm™2 and 1x 107 cm™2 C and Fe doped GaN buffer
as a function of distance from the AlGaN/GaN interface (b) zoom in of potential well
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Fe traps emit electrons faster and the probability that Fe traps are unoccupied is
higher. Since fewer Fe traps are occupied at any given time, the drain current is
higher with Fe doping in comparison to C doping as shown in Fig. 4.16a.

The percentage current collapse with 1x10'® cm~3 Fe and C doping for different
Vys is shown in Fig.4.16b. Since the potential barrier in the bulk with Fe traps
is lower, more electrons can spill over in the buffer during the pulse and get
trapped. As a result, the peak rise in current is bigger and the current collapse
is higher with Fe doping.

Fig. 4.17 shows the density of trapped electrons for Fe (top) and C (bottom)
traps. It can be clearly seen that for Fe traps the density of trapped electrons is
higher after the pulse while the difference is not so obvious for C traps.
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Figure 4.17: Density of trapped electrons before and after the pulse for 10'® cm™3 Fe
(top) and C traps(bottom) at Vgs=-3 V.

Fe doping concentration

Fig. 4.18a shows the percentage current collapse for Fe and C doping. It can
be seen that unlike C doping, for Fe doping the current collapse increases when
the doping concentration is increased to 1 x 10'7 em™3. This can be explained
by considering the conduction band diagram shown in Fig. 4.18b. Due to the
shallow nature of Fe traps, although the conduction band energy increases for
1 x 10'7 cm™3 doping it is still not high enough to confine electrons in the
channel. The electrons can thus penetrate the GaN buffer and get trapped as
shown in Fig. 4.19. Therefore the current collapse increases for 1x 107 cm ™3 Fe
doping because although more electrons get trapped near the channel, electron
confinement is not effective and electrons still spill over in the bulk.

4.2.3 Trap energy level and thermal effects

In earlier sections, the differences in the transient drain current response with
C and Fe doping in the GaN buffer have been been discussed. Since the only
difference in our simulations between C and Fe doping is the energy level of
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traps formed, it can be said that the transient response is very sensitive to the
trap energy level. Fig. 4.20 shows the drain current for 10'® cm=3 traps with
different energy levels. It can be seen that for traps with energy level closer to
the conduction band, the drain current recovers to the equilibrium level faster.
The reason for this is that there is an exponential relationship between emission
of trapped electrons and the difference between the trap and the conduction
band energy level (as given in Eq. 3.13). Therefore, electrons are emitted
faster from shallower traps and as a result the drain current goes back to the
equilibrium level in a shorter duration of time.

The emission of trapped electrons is also thermally activated (as given in Eq.
3.13). Fig. 4.21 shows drain current and average lattice temperature for 1 x 1016
cm ™3 trap concentration with trap energy level Er = 3 eV. Without thermal
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Figure 4.20: I, (t) for 1 x 10*® cm™2 trap concentration with trap energy level, Er =
0.9eV,2eV,29¢eV,3¢eV,3.05eV and 3.1 eV at Vys=-4V.

effects the lattice temperature is set to a fixed value of 298 K. It can be seen
that with thermal effects the maximum lattice temperature increases from 340
K before the pulse to 430 K during the pulse. Therefore, before the pulse
fewer electrons are trapped and the equilibrium current level is higher. During
the pulse the drain current decreases faster because of mobility degradation of
electrons at higher temperature. Similarly after the pulse, the drain current re-
covers faster because of the additional thermal energy which assists the emission

of trapped electrons. The electron mobility also increases as the device cools
down.
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Figure 4.21: 14, (t) for 1 X 10 ¢cm™3 trap concentration with trap energy level, Ep =
3 eV with and without thermal effects at Vo= -4 V.

4.3 AlGaN/GaN/GaN:[C] HEMTs

In Section 4.1, it was found that current collapse is negligible with 1 x 107 cm ™3
C doping in the GaN buffer. However, the drain current with 1 x 107 cm™3
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C doping is low. Inorder to minimize current collapse and increase the drain
current at the same time, a thin undoped GaN channel layer on top of C doped
GaN buffer was used as shown in Fig. 4.22a. Since the doped layer is further
away from the channel, fewer electrons are trapped. In this section the DC and
transient pulsed simulation results for AlGaN/GaN/GaN:[C] with thickness of
the undoped GaN layer d = 50 nm, 200 nm and 500 nm were simulated. The
total thickness of the buffer was kept constant. 1 x 10! cm™2 C doping was
used in the GaN:[C] layer.

4.3.1 DC characterisation

Fig. 4.23 shows the I-V curves for different thickness of undopped GaN layer.
It can be seen that as we increase the thickness of the undoped layer, the drain
current increases. The Vj, is -3.4 V, -3.8 V, -3.9 V and -4.2 V for d= 0 nm, 50
nm, 200 nm and 500 nm respectively. This is because with a thicker undoped
GaN layer, there are fewer traps and they are located further away from the
channel. As a result the electron density in the channel is higher but at the
same time the V;;, is lower since the potential barrier underneath the channel is
lower as shown in Fig. 4.22b.
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Figure 4.22: (a) AlGaN/GaN/GaN:[C] HEMTs device structure (b) Energy diagram of
conduction band for d = 0, 50 nm, 200 nm and 500 nm.

4.3.2 Transient pulsed simulation

Fig. 4.24a shows the drain current for d = 0, 50 nm, 200 nm and 500 nm. The
percentage current collapse with a higher value of d is higher as shown in Fig.
4.24b. This is because with a thicker undoped layer the traps are located further
away from the channel and so fewer electrons are trapped before the pulse. As a
result, the buffer potential and the screening effect of trapped electrons is lower.
When the pulse is turned on, a larger number of electrons can penetrate the
buffer and get trapped.
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Figure 4.24: (a) Current collapse for different thickness of undoped layer d at Vgs= -3
V(b) Percentage current collapse as a function of Vg,

Fig. 4.25a shows that the density of trapped electrons before and after the pulse
is the same for d = 0 at V,=-3.5 V. But for d= 500 nm the density of trapped
electrons increases after the pulse.

At higher V,, however the percentage current collapse goes to 0 again. This
is because since the Vs is higher, there are more electrons captured before the
pulse to provide a better electron confinement. Therefore, fewer electrons are
trapped during the pulse. Fig. 4.25b shows that there is no change in density
of trapped electrons for d = 500 nm at Vs =-1.5 V.

Although AlGaN/GaN/GaN:[C] HEMTs with thicker undoped GaN layer suffer
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Figure 4.25: Density of trapped electrons as a function of distance before the pulse
(smooth line) and after the pulse (with x marker) at (a)Vys=-3.5 V (b) Vge=-15V

from higher current collapse (at lower Vgs) and have a lower V;;, in comparison to
uniformly doped buffer, they also give a higher conductivity. The drain current
with d= 500 nm at Vys= -3 V is about 200% higher than with d= 0. Considering
this, it might still be worthwhile to use an undoped layer.

Furthermore, the mobility degradation with higher doping has not been consid-
ered in the mobility model used in this project. In reality, mobility of electrons
in the channel decreases due to scattering caused by collision with dopants. If
this is taken into account the current without an undoped GaN layer will be
even lower.

4.4 AlGaN/GaN/AlGaN DH-HEMTs

Another technique to suppress subthreshold drain leakage current is to use a
wide bandgap material as a backbarrier. A higher buffer potential prevents elec-
trons from penetrating into the buffer and hence provides a better confinement.
In this section the DC and transient pulsed simulation results of AlGaN/GaN
HEMTs with AlGaN backbarrier will be discussed. Different thickness of the
GaN channel layer d and Al mole fraction in AlGaN backbarrier will be inves-
tigated.

4.4.1 DC characterisation
GaN Thickness

The thickness of the undoped GaN layer d was varied while the total thickness
of the buffer was kept constant.  Fig. 4.26b shows the energy diagram of

-
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Figure 4.26: (a) Device structure with AlGaN backbarrier (b) Energy diagram of con-
duction band for d = 50 nm(red), 200 nm(blue) and 500 nm(green). The inset shows
a close up of energy band near the 2DEG.
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Figure 4.27: I-V curves for AlGaN/GaN HEMTs with AlGaN backbarrier(a) [4s-Vgs at
Vgs = -3V (b) I4s-Vgs at Vgs =10V

conduction band with AlGaN backbarrier for d = 50 nm, 200 nm and 500 nm.
The I-V curves are shown in Fig. 4.27.

As the thickness of GaN is decreased, the drain current decreases and the V;
increases. Vi, i8-2.47 V,-3.67 V and -3.98 V for d = 50 nm, 200 nm and 500 nm
respectively. This is because for a thinner GaN layer, the wide band gap AlGaN
backbarrier is closer to the channel. This provides better electron confinement
and results in higher threshold voltage. A more abrupt rise in potential however
also decreases the size of the quantum well resulting in a lower electron density
in the channel. As shown in the inset of Fig. 4.26b, the triangular region
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enclosed by conduction band and Fermi level is smaller for d = 50 nm. Hence
the electron density is smaller which results in a lower drain current.

Al mole fraction

Al mole fraction determines the bandgap of AlGaN. A higher Al content gives
a wider bandgap. Fig. 4.28b shows the energy diagram of Al1GaN/GaN/AlGaN
HEMTSs with 30%, 15% and 8% Al in the AlGaN-backbarrier. It can be seen
that the energy bands for different Al content overlap in the GaN channel region
but increase abruptly in the AlGaN backbarrier region.
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Figure 4.28: (a) Device structure with AlGaN backbarrier (b) Energy diagram for z =
30 %, 15% and 8%.

Fig. 4.29 shows the I-V characteristics for different Al content in the AlGaN
backbarrier. It can be seen that there is not much difference in drain current.
Since the energy band in the channel region overlap, this was an expected result.
For a higher drain voltage in Fig. 4.29a it can be seen that the output resistance
is higher with higher Al content. This is due to the higher potential barrier in
the AlGaN region for higher Al content.

4.4.2 Transient pulsed simulation

Fig.4.30a shows the drain current for 200 nm and 500 nm thick GaN layer. In
comparison to C doping, the current collapse is higher with AlGaN backbarrier.
Fig. 4.30b shows the percentage current collapse. It can be seen that the current
collapse is also higher for 200 nm than for 500 nm GaN layer.

These results were quite unexpected since there are no traps in the buffer. In
this case, the decrease in current can be explained by considering the band
diagram. In Fig. 4.31a it can be seen that although the potential is higher
near the channel with AlGaN backbarrier, it gradually decreases in the buffer.
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During the pulse, energetic electrons can overcome this potential barrier and
then accumulate in the AlGaN/Substrate interface at the back as shown in Fig.
4.31b. Hence, it seems that with AIGaN backbarrier the device is very sensitive
to the type of substrate used.

Another issue with AlGaN backbarrier is the formation of 2D hole gas. As it
can be seen in Fig. 4.28b, the valence band is slightly higher than the fermi level
at the GaN/AlGaN-backbarrier interface. The electron and hole density can be
seen in Fig. 4.32. During the pulse, energetic electrons from the channel can
recombine with the holes at the GaN/AlGaN-backbarrier interface resulting in
loss of electrons. Doping the AlGaN region by donors has been used to increase
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electron density and suppress the formation of 2DHG [34].

The thermal conductivity of AlGaN is also lower than that of GaN. This raises
additional concern of high self heating since these devices are operated at high

temperatures [35].
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Conclusion

In this project, DC and transient pulsed characteristics were simulated for GaN
based HEMTs. Different concentrations of C and Fe doping in the GaN buffer
were investigated. It was found that doping can effectively suppress subthresh-
old drain leakage. A higher doping concentration resulted in a lower drain
current, a higher threshold voltage and a higher output resistance. The current
collapse was higher with Fe doping than C doping. For C doping, the current
collapse decreased when the doping concentration was increased from 1 x 106
ecm ™3 to 1 x 10'7 cm ™3 whereas it increased for Fe doping. This was because C
traps have deeper energy levels and can increase the buffer potential to a higher
level and provide better electron confinement.

AlGaN/GaN HEMTs with an undoped GaN layer on top of 1 x 107 cm=3 C
doped GaN layer were investigated. A thicker undoped GaN layer resulted in
a higher drain current, a lower threshold voltage and a lower output resistance.
The current collapse was slightly worse for a thicker undoped layer. This is
because with thicker undoped layer, fewer traps are filled before the pulse since
they are further away from the channel.

AlGaN/GaN HEMTs with AlGaN backbarrier were also investigated. De-
vices with thicker GaN layer had higher drain current, lower threshold voltage
and lower output resistance. Devices with higher Al content in the AlGaN-
backbarrier had a higher output resistance but the drain current and the thresh-
old voltage were similar for all cases. The current collapse with AlGaN back-
barrier was higher than with C doped GaN buffer. The reason for this was
the lower potential barrier at the AlGaN/Substrate interface which resulted in
accumulation of electrons at the back during pulse.

Among the three different device structures simulated, devices with an undoped
GaN channel on 1x10'7 cm ™3 C doped GaN buffer showed the best performance.
The current collapse in these devices was very small but the drain current was
a lot higher. In the future it would be interesting to see more simulation results
with thermal effects. Also, in literature it is said that hot electron injection plays
an important role in current collapse [34]. Therefore, Hydrodyanmic simulation
which take into account hot electron effects could give some new insight.
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