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Abstract

This paper analyzes properties of the dielectric/AlGaN/GaN system with an ALD Al,O; film as a dielectric. It was in-
vestigated how the current flow process in the system changes due to the deposition of films with different thicknesses;
at what bias voltage the electron emission process from the boundary states begins, and how the properties of the barrier
layer in the initial heterostructure affect the parameters of the current in the system. It was found that a positive charge
forms at the Al,O3/AlGaN interface, the charge magnitude increasing with the film thickness. It was also shown that
film deposition affects the charge magnitude in the channel. It was demonstrated that the frequency at which C—V mea-
surements are carried out affects Dy, i.e., the distribution of the electron states at the boundaries of the Al,O5/AlGaN/
GaN system. It was shown that the density of the detected donor-like states increases abruptly with an increase in the
measurement frequency. It was furthermore demonstrated that a correctly chosen measurement scheme allows one to
estimate the potential contribution of the two boundaries, i.e., AlIGaN/GaN and Al,03/AlGaN, in this case, some of the
electrons may remain in the channel.
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slow donor-like surface states associated with dangling
bonds, and the emergence of dislocations and adsorbed
ions on the heterostructure surface [2—5]. However, when

1. Introduction

Despite the great interest to GaN based nitride hetero-
structures [1—4], there is still no clear understanding of
the processes leading to the instability of the frequency
and power characteristics occurring during the operation
of high-power UHF devices based on the above struc-
tures. It is believed that the cause of the loss of output
power due to the “gate delay” effect, i.e., the frequen-
cy-dependent phenomenon consisting in an abrupt drop
or even collapse of the drain current, is the presence of

it comes to specific cases, there is yet no clear under-
standing of the actions required to eliminate the above
drawbacks. The problem of surface traps in the AlIGaN/
GaN-HEMT transistor technology is commonly solved
by synthesizing passivating dielectric layers which par-
tially eliminate the surface states, thus producing elec-
tron states at the dielectric/semiconductor interface [2,
4, 6]. The presence of the above states, as well as those
at the dielectric/AlaN/GaN system boundaries, can sig-
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nificantly affect the output of the process cycle, due to
the uncontrolled charging and recharging of the electron
states at the system interfaces [4—6]. At the same time,
the use of a thin dielectric layer under the gate (MIS)
is increasingly often used in HEMT transistors, because
there are indications that isolated gate GaN HEMT have
advantage over Shottky barrier transistors due to lower
gate leakage currents [5]. Despite the important role of
dielectrics in the HEMT transistor technology, there is
no clear understanding of the origin and properties of the
electron states at the boundaries, e.g. the charge density
distribution depending on the energy of the centers, as
well as the type of charge (donor or acceptor) for dif-
ferent dielectrics [7]. However, the range of dielectrics
used in the nitride device technology broadens quite rap-
idly. Of special interest are Al,O5 films which currently
show the best performance among the dielectrics used
in the high-power MOS device technology due to their
large band gap, relatively high dielectric permeability,
and high breakdown voltage [3, 7, 8]. It was shown that
achieving good gate control in MOS HEMT requires the
use of thin (20-30 nm) Al,O5 layers, and such films have
since recently been often synthesized using the chem-
ical vapor deposition (CVD) method. The latter meth-
od is based on a self-limiting gaseous phase chemical
process, allowing one to synthesize homogeneous and
conforming thin films. An ALD growth cycle includes
four stages:

— self-limiting reactions between the structure surface
and the first reactant (precursor);

— blowing for the removal of unconsumed reaction
products;

— self-limiting reactions between the second and the
first reactants adsorbed on the surface;

— additional blowing.

Due to the complexity of the process, the typical film
growth rate is 0.05-0.1 nm/s per cycle, i.e., it allows the
precision control of the film deposition rate [3]. It is fur-
thermore desirable to know the properties of the interface
between the working structure and the deposited film. It
has already been shown that Al,O3;/AlGaN/GaN-MOS
HEMT have higher charge concentration in the 2DEG
as compared to passivated devices, e.g. Si;N4. Moreover,
the Al,O;—AlGaN interface has a higher quality in com-
parison with e.g. HfO,—AlGaN with a smaller hysteresis
and a lower density of states [3, 9]. Although there are a
number of technological and research achievements, only
little data are available on how the density and charge
type of boundary states depend on the thickness of ALD
Al,O; films, whether there is charge redistribution in the
channel upon film deposition, and how the capacity of
the Al,03/AlGaN/GaN structures change upon biasing.
Furthermore, there is no clear understanding of the pro-
cess of current flow in depleted and enriched regions of
dielectric-containing structures, more specifically, how
the quality of barrier and buffer layers in the initial het-
erostructures affects the leakage currents in such thin
structures.

The aim of this work was to study the following pro-
cesses occurring in the Al,03/AlGaN/GaN system:

— change in the capacity and density of electron states
at the Al,O3/AlGaN/GaN system boundaries and how
charge concentration in channel change when using di-
electric films of different thicknesses;

— change in the current flow process in the system
upon the deposition of ALD Al,O5 films having differ-
ent thicknesses, more specifically, at which bias electron
emission from the boundary states to the conduction band
starts and how the properties of the barrier layer of the
initial heterostructure affect the currents in the system;

— the effect of external electric field on the current
flow processes in the Al,O3;/AlGaN/GaN system, more
specifically, on the recharging of the electron states at the
system boundaries.

2. Experimental

The initial heterostructures were AlGaN/GaN Ga-polar
nitride structures grown using the metal-organic chemi-
cal vapor deposition method (MOCVD) that are used for
the fabrication of HEMT transistors. The heterostructures
were grown on leucosapphire (Al,O;) and silicon car-
bide (SiC) substrates with 2.2-2.4 pm GaN buffer lay-
ers and 22-25 nm Al,Ga;.yN barrier layers containing a
26-28 % molar fraction of Al.

Before Al,O; film deposition, the structures were
subjected to washing, degreasing, and deionized water
rinsing. The Al,O; layer was deposited on an Atomic
Premium Plant (Korea). The Al source was trimethylam-
monium (TMA) precursor. The Al,O; film was deposited
in an oxygen (O,) gas atmosphere acting as the process
gas, or in water vapor. The carrier and blowing gas was
argon. Oxygen or water vapor and TMA were inter-
changeably injected into the reactor chamber in pulsed
mode so to provide for layerwise Al,O53 deposition. TMA
precursor and oxygen injection was interchanged with
5 s argon blowing cycles. The deposition temperature
was T = 300 °C, the background pressure being 0,36 Tor
(~48 Pa). The deposited film thicknesses were 8—10,
17-20, 33-35, 50-54, and 90—100 nm. A separate exper-
iment was also conducted for two heterostructures grown
on SiC and Al,O; substrates. The first deposited thin ox-
ide film was chemically removed (HF, 30-60 min). The
complete removal of the oxide film was verified using
capacity and -V measurements, and then, after washing,
new, thicker films were deposited onto the structures. The
thickness of the deposited films was measured on sili-
con satellites using an ellipsometer L116S300 STOKES
ELLIPSOMETER (Gaertner Scientific Corporation,
USA). The measurements showed that all the deposited
films had a refraction index of 1.55 to 1.65.

The measurement of the C—V characteristics remains
the most efficient method of characterizing the electro-
physical properties of nitride heterostructures, due to
the possibility of obtaining information on the quantity
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of charge in the channel, the capacity parameters of the
dielectric, the depth profile of the carrier concentration in
the layers, and the presence of fixed and mobile charges
in the dielectric/semiconductor system [10]. Combining
the two methods, i.e., the measurement of the C—V and
I-V characteristics, one can solve the abovementioned
tasks, because I-V measurements are useful for under-
standing the mechanisms of current flow processes in the
test systems, as well as the origins of leakage currents [2,
5, 12]. The measurements were carried out on a CSM/
WIN System in the 10 kHz to 1 MHz frequency range
with planar measuring probe arrangement and the second
electrode located on the specimen surface. The following
three measurement schemes were used:

1. Mercury probes, of which the second mercury
probe is circular and the 800 nm diam. working capillary

probe is located in the center of the circular probe. The
area of the second probe is 40 times that of the working
one, both probes being located on the working surface of
the specimen, i.e., in fact, this is a measurement scheme
with two mercury Shottky barriers.

2. Gold probes that are installed on 700 pm diam. Ni
contact pads synthesized by vacuum deposition of nickel
on the working surface of the specimen. Thus, this is a
measurement scheme with two nickel Shottky barriers.

3. Capillary mercury probe used an Ohmic contact,
i.e., the measuring probe is a mercury Shottky barrier and
the second contact is Ohmic.

For the third scheme option, it is preferable to form
four Al/Ti Ohmic contacts on one of the structures using
a conventional technology and then to deposit a 20 nm
ALDAI,O; film on the structure surface, so the distance
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Figure 1. [-V characteristics of initial heterostructures and structures with ALDAIL,O; films measured using three measurement
schemes (a—c): (a) first measurement scheme; (b and ¢) second and third measurement schemes, respectively. /nset. measurement
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between the mercury measuring probe and rhw Ohmic
contact used is within 2,0-3.0 mm.

The aim of simulation using the three above-described
measurement schemes is to find the optimum measure-
ment scheme which would avoid the effect of collateral
factors that can hinder the achieving of the specified task
i.e., to study the effect of Al,O; film deposition on the
parameters of the dielectric/AlGaN/GaN system.

The C-V characteristics were predominantly mea-
sured using a sequential (index “S”) substitution scheme.

3. Results and discussion

3.1. I-V measurements

Figure 1 shows the I-V characteristics obtained using
the first measurement scheme for initial heterostructures
grown on sapphire and SiC, as well as the results for het-
erostructures with oxide films measured using the second
and third measurement schemes.

In heavy depletion regions, the measured currents (re-
verse branch) are the leakage currents /., which mainly
characterize, in the case in question, the parameters of
the barrier layer in the heterostructure. As can be seen
from Fig. 1, the currents /., for the heterostructure on
SiC are by one order of magnitude lower than those for
the heterostructure on sapphire (101%and 10 A, respec-
tively), which can be accounted for by the degree of the
structural perfection of the epitaxial layers in those struc-
tures: the density of the sole through dislocations in the
heterostructures grown on sapphire substrates is typically
one order of magnitude higher than for the heterostruc-
tures on SiC [4].

As can be seen from Fig. 1, the formation of Ohmic
contacts and Ni contact pads (Ni Shottky barriers) abrupt-
ly increases the leakage currents (by almost 2 orders of
magnitude). This is expectable, since, for example,
high-temperature annealing used for the production of
Ohmic contacts and the presence of the Ohmic contacts
themselves lead to the formation of a large number of free
electrons in the bulk of the structures. As for the straight
branch of the I-V characteristics, only if mercury probes
were used, the I-V characteristics of nitride heterostruc-
tures had the shoulder K in the straight branch (see Fig. 1)
showing that the flow of carriers in the channel is solely
caused by thermal phonons. Upon a voltage shift towards
higher values, at +(2-2.5) V, the current grows dramat-
ically due to electron emission to the conduction band.
The I-V characteristics of the heterostructures after ox-
ide film deposition exhibit a significant decrease in the
leakage currents in the depletion region (by one order of
magnitude, see Fig. 2a, Curves / and 2) as a result of sur-
face passivation. After the deposition of thicker films, the
region of lowest /., in the depletion region (the 2DEG
channel region) shifts towards negative voltages. This
is caused by the fact that part of the measurement bias
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Figure 2. [-V characteristics of structures: («¢) / and 3: with
20 and 40 nm Al,O; films, respectively, 2: initial heterostruc-
ture; (b): I: initial heterostructure, 2: heterostructure with 20 nm
Al,O;4 film, 3: after chemical removal of film

acts upon the oxide layer, while the other part affects the
AlGaN barrier layer (i.e., two capacitances in sequence
form there). With an increase in the Al,O5 film thickness
(to 50-60 nm), the length of the shoulder K increases,
i.e., the voltage shifts towards positive values at which
electrons are emitted to the conduction band (Fig. 2a,
Curves 2 and 3). However, for 80-100 nm films, the
electron emission to the conduction band is substantially
suppressed. The ALD Al,O; films can be easily removed
chemically (with HF), and then the -V characteristics
shift towards positive values and their shapes become
close to those of the I-V characteristics for the initial het-
erostructures, yet typically with lower leakage currents
(Fig. 2b, Curves [ and 3).

3.2. Capacity measurements

Figure 3 shows the measured capacity of the Al,O3/
AlGaN/GaN system as a function of deposited alumi-
num oxide film thickness. The capacities of the films
(Ceale.a0s) are shown for different film thicknesses as
calculated from the experimental total capacities of the
deposited films and the barrier layers (Cipe,s)- The exper-
imental capacities of the films were calculated using the
conventional method for two sequentially connected ca-
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Figure 3. C-V characteristics of heterostructure specimens with Al,O; films of different thicknesses: (/) initial heterostructure
without film (2—10) heterostructures with films of different thicknesses of 10 to 120 nm. /nset. calculated film capacity as a function

of film thickness

pacities (1/Cpeqs. = 1/Capo; T 1/Caigan) [13]- The differ-
ence between the calculated and experimental capacities
of the films (Ca,0, = (€A1,0:85)/d, where €51,0, = 9.5+9.7)
was within 10 % (Fig. 3, Inset).

The overall capacity of the Al,05/AlGaN/Ga system
(Cneas. 18 the flat section of the C—V curve) is quite a com-
plex function of deposited film thickness (see Fig. 3), ex-
hibiting a decrease in the capacity with an increase in the
film thickness, especially for small film thicknesses (up to
25-40 nm). With a further growth of the film thickness,
the growth of the overall system capacity decelerates
sharply, and at film thicknesses of above 50-60 nm, the
capacity changes little if any. Film thickness growth also
leads to an increase in the cutoff voltage V, from 3-3.5 to
17-31.8 V, suggesting an increase in the positive charge
at the AI,O5—AlGaN boundary.

3.3. Charge in channel 2DEG and boundary electron
states of Al,O5;/AlGaN/GaN system

Figure 4 shows carrier concentration (N) depth profiles
in the structures calculated from the C—V curve [14]
for three heterostructures with deposited Al,O5 films of
gradually increasing thickness. The thinnest films were
chemically removed after the measurements, and then
new thicker films were deposited. For that concentration
measurement scheme, the depth of the maximum carrier
concentration corresponds to the overall thickness of the
film and the AlGaN barrier layer (counted from the chan-
nel to the barrier layer surface) for each specimen, i.c.,
in fact, N, is, roughly, the carrier concentration in the
channel 2DEG.

As can be seen from Fig. 4, film oxidation can cause
charge redistribution in the channels of the structures,
and, as a rule, a growth of the carrier concentration as a
result of film deposition. After chemical removal of the
film, the carrier concentration in the channel usually re-
turns to its initial value (Fig. 4, Curve /).

The density of electron states (the D;; distribution) at
the boundaries of the Al,03/AlGaN/GaN system was es-
timated by means of capacity measurements with volt-
age sweep towards positive values in the process C—V
measurements and computer-assisted processing of the
experimental curves [3]. The bias range for most of the
specimens was from —(7+5) V to +(3+5) V, i.e., begin-
ning from U =—(3+1) V for direct bias, the capacity was
almost constant and equal to the in-sequence capacity
of the Al,O; and AlGaN layers (for 2040 nm films).
The latter curve section for measurements from —(3+1) V
to +(3+5) V voltages exhibited an almost constant density
of states at the AIGaN—GaN interface [3]. For the latter
measurement scheme, the maximum possible bias was
+(5+7) V, and later on, at the frequency f'= 1 MHz, the
capacity changed abruptly and in an uncontrolled manner.
In the case in hand, the latter change was caused by an
abrupt increase in the conductivity of the system, which
was also observed earlier [3].

Taking into account the large time constant T of AlGaN
[3, 9], the D;; distribution was initially studied as a func-
tion of measurement frequency. The experiments showed
(Fig. 5a) that an increase in the measurement frequency
from 1050 kHz to 1 MHz for the same Al,05/AlGaN/
GaN heterostructure caused a growth of the density of
the observed donor-like shallow states by one order of
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magnitude and an abrupt increase in the density of the
deep states.

Figure 5b (Region B) shows a graph of the D;; distribu-
tion obtained as a result of measurements at = 100 kHz
for the conventional heterostructure with a deposited
Al,O5 layer (20 nm in thickness) superimposed with a
graph of the D;(E) curve obtained earlier [3] at the same
frequency for a similar structure with an ALD Al,O; film
of the same thickness. For most structures, the density of
shallow level states measured at different frequencies was
close to 1-1012-1-10'3 cm™2.

4. Discussion

Comparison between the three C—V characteristic three
measurement schemes was required for a better under-
standing of the interface charging/recharging and cur-
rent flow processes in a complex system such as Al,O3/
AlGaN/GaN. To obtain the required information from
C—V measurements one should provide the overall ca-
pacity of the structure should be dominant by capacitive

component associated with a two-dimensional electron
gas in the 2D channel. Analysis showed that the measure-
ment scheme with two mercury probes (two Shottky bar-
riers, see Fig. 1) which avoids any collateral technologi-
cal influence provides for the minimum contribution from
free carriers, e.g. from the metals of Ohmic contacts, and
allows one to estimate the highest possible depletion de-
gree of the 2DEG channel and to more accurately mark
the start of electron emission to the channel (shoulder K).
Furthermore, that measurement scheme allows judging,
by the magnitude of the reverse current (/.,), about the
quality of the barrier layer in the initial heterostructure
without high-temperature treatment, e.g. for the forma-
tion of Ohmic contacts. The latter advantage is of spe-
cial importance for MIS and MOS transistor technologies
since those currents (/) exert direct effect on the con-
trollability of the gate. Specifically, for the third measure-
ment scheme (Ohmic contact/Hg Shottky barrier) (see
Fig. 1), as well as for probe measurement on Ni contact
pads (the second measurement scheme), even in the low
reverse bias region, an increase in oy to 10 A can be
associated with contact formation processes; e.g. during
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measurements of two metallic contact pads (see Fig. 1),
the straight and reverse curve branches are always simi-
lar, as noted earlier by other researchers. The latter fact
can be accounted for by the formation of a parasitic layer
between the semiconductor surface and the nickel contact
pad.

We will now dwell upon the problem of leakage cur-
rents during depletion. It was hypothesized earlier [13]
that under heavy depletion conditions, the 2D electron
gas of the AIGaN/GaN structure, in fact, acts as a second
electrode, and the applied voltage acts almost completely
on the AlGaN barrier layer, i.e., the measurements show
the current of the carriers in the barrier layer, e.g. the ef-
fect of the traps in the layer. The latter approach is also
justified if an oxide layer is present, thus allowing the cur-
rent measured at a strong reverse bias to be considered a
characteristic of applied voltage the structural perfection
of the AlGaN layer, although those charges can form ei-
ther as states directly in the bulk of the barrier layer, or
at the oxide/AlGaN interface, or even at the AlGaN/GaN
interface.

Based on analysis of the three above-described meas-
urement schemes, we will hereinafter use the results of
measurements conducted using the first measurement
scheme, i.e., two mercury probes.

It is commonly believed that passivation can occur by
two trap compensation mechanisms: by deep levels on
the surface or in the bulk of the AlGaN layer, by shallow
donor-like levels at the dielectric/AlGaN interface, or by
fixed positive charges at that interface [9, 15]. If the sec-
ond mechanism takes place, the time constant is far less
than that for shallow traps [15]. Furthermore, the dynam-
ic parameters of the devices can vary depending on which
of the mechanisms is activated [6, 15].

It is well-known [3, 8] that donor-like states remain
neutral upon occupation with electrons, while accep-
tor-like ones acquire a negative charge upon the captur-
ing of electrons. The latter negatively charged states at
the oxide/AlGaN interface can screen the applied elec-
tric field during measurements, while in the HEMT tran-
sistors, the gate field suppresses the modulation of the
AlGaN potential [3]. The latter phenomena can cause a
shift in the probe bias (or in the gates of transistors) to-
wards positive values. Therefore, for shallow donor-like
traps, the occupation rate of the dielectric/semiconductor
interface states is a function of probe bias (or the gate
voltage Vg for transistors).

During C—V measurements, an increase in bias to pos-
itive values (U > +4 V) shifts the potential of the AlIGaN
layer to a plateau, thus triggering electron transfer from
the AlGaN/GaN interface to the Al,O3/AlGaN one (band
diagram). If the applied bias shifts towards positive val-
ues, the Fermi level (Ef) can move in the AlGaN band
gap [14].

At a negative bias, the Fermi level is already locat-
ed far below the AlGaN valence band maximum at the
Al,O;3/AlGaN interface (band diagram) and, as a result,
the electron occupation of the interface states is no longer
a function of applied bias. It is not even always possible
to completely deplete the channel (I ,,, >10712A, Fig. 25,
Curve /). A fixed charge is formed when the applied bias
no longer controls the behavior of electrons at the inter-
faces.

Analysis of the experimental data showed that the
ALD deposition of Al,O; films leads to the formation of
a positive charge at the interface, the charge magnitude
growing with an increase in the film thickness (see Fig.
3). The latter assumption is testified to by the increase in
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the shift of the bias voltage Vy;, towards negative values
with an increase in the film thickness (see Fig. 3). Film
deposition also affects the magnitude of the charge in the
channel: typically, the charge increases after film deposi-
tion (see Fig. 4).

Correct treatise of the D;, energy distribution measure-
ment results requires a number of determining factors be
taken into account:

— as noted above, the applied electric field is split in
three parts: between the oxide layer, the AlGaN barrier
layer, and the GaN buffer layer, thus complicating data
treatise;

— due to the large time constant of electron emission
for the abovementioned materials, estimation of electron
emission from the system interfaces requires a strong bias
[3]. However, in many cases, it is impossible to estimate
the charge of deeper traps using conventional C—V meas-
urements with simple biasing, because the measurement
frequency also matters: charge transfer between bounda-
ries may have not enough time to complete if the sweep
frequency is high.

If the task is to estimate the D; distribution, one
should correctly take into account the C—V measurement
frequency. The density of the detected shallow states in-
creases with the measurement frequency, and those states
are predominantly donor-like (see Fig. 5a, Region A,
taking into account the Fermi level shift). As regards
the deep acceptor-like states, the density of the detected
states drops abruptly at low measurement frequencies (by
two orders of magnitude, Fig. 5a).

Analysis of the obtained results suggests the following
conclusions:

— during C—V measurements with a voltage sweep to-
wards positive values, at a specific positive bias (in the

case in hand, +(5-8) V), electron emission at the AlIGaN/
GaN interface occurs, predominantly, from shallow do-
nor-like centers (see Fig. 5a). With an increase in the
bias towards positive values, electron emission from the
AlGaN/GaN interface triggers the formation of a nega-
tive charge at the oxide/AlGaN interface (a shift of the
Uy, voltage towards positive values in the C—V curves),
which compensates the positive charge whose magnitude
increases with oxide film thickness (see Fig. 3);

— since analysis of the C—V measurement results for
structures with deposited oxide films also suggests an
increase in the carrier concentration in the channel (see
Fig. 4), it is safe to state that some of electrons remain
in the channel upon recharging at the Al,05/AlGaN/GaN
system interface.

As regards the electrons that could be captured at the
states near the oxide/AlGaN interface, the question is
whether electron emission from that interface, e.g. to the
channel, is possible.

In our opinion, the latter can be judged about by tak-
ing into account possible recharging during the measure-
ments in hysteresis mode at reverse voltage sweep from
positive to negative values, e.g. from +8 V to =5 V. At
a 10 kHz frequency, the D;; distribution shown in Fig. 6
was obtained. Electron emission from shallow donor-like
levels at the Al,05/AlGaN interface was observed (Fig. 6,
Curve 2).

In our opinion, the measurements carried out in this
work show that the problem of boundary electron states
in the dielectric/AlGaN/GaN system (their configuration,
charging/recharging processes, and effect on device op-
eration) is complex and requires further investigation,
especially for film synthesis using advanced high-tech
processes such as ALD.
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Conclusion

It was found that the C—V measurement scheme with
two planar mercury probes on the dielectric surface is
the optimum one for the correct understanding of inter-
face charging/recharging and current flow processes in
the 2DEG channel for complex systems such as dielec-
tric/AlGaN/GaN. It was shown that ALD deposition of
an Al,Os film leads to the formation of a positive charge
at the oxide/AlGaN interface, the magnitude of which
grows with an increase in the film thickness. Further-
more, it was shown that film deposition affects the charge
in the channel. Experimental data were obtained on the
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