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Modification of AlGaN/GaN transistor structure parameters by passivation
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Efficiency of passivation of AlGaN/GaN transistor structures by low-temperature silicon nitride, HxSirNzHy ,

is demonstrated. Significant increase in the slope of current-voltage curve, saturation current and power-added

efficiency is shown. Effective bulk hydrogenation process of HxSirNzHy /AlGaN/GaN transistor structures was

developed and includes: modification of charge states in the volume of HxSirNzHy and states associated with

the HxSirNzHy /AlGaN interface, and hydrogen atom passivation of point defects of the crystalline structure in

the epitaxial AlGaN and GaN layers. Silicon nitride passivation and hydrogenation processes were developed on

the basis of an electron cyclotron resonance plasma technology. Hydrogenation process is an effective and simple

solution for compensation of negative thermal destruction (depassivation) processes occurring at (> 600 ◦C) stages
in the AlGaN high electron mobility transistor process cycle.
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Introduction

It has been reported earlier that silicon nitride passivation

of AlGaN HEMTs (High Electron Mobility Transistors)
on the basis of undoped heterostructures, where two-

dimensional electron gas (2DEG) was formed by means

of polarization, made it possible to avoid the current

collapse effect [1]. Strong electric polarization, which

is present in undoped pseudomorphic AlxGa1−xN/GaN

structures grown at the Ga facet induces 2DEG with a

surface density about 1 · 1013 cm−2 at 0.3 < x < 0.4 [2].
This undoped structure has some advantages over doped

HEMT structures. High electron mobility, noise lower by

several orders of magnitude 1/ f and lower electric field

under the gate for channel stop condition achievement are

among them [2]. Nevertheless charge carrier trap effects

(unoccupied bulk dislocation states and/or surface-related

states) lead to current drop during high voltage or pulsed

operation [1,2]. Silicon nitride passivation is widely used

to reduce electron tunneling in the 2DEG region to states

related to the heterostructure surface.

Results of plasma-chemical vapor deposition of silicon

nitride in high frequency plasma process (chemical vapour

deposition (CVD)) [3] and electron cyclotron resonance

plasma process (ECR) [1] were reported. Silicon nitride

passivation of transistor structures is used to improve their

output characteristics. This can be explained either by

hydrogen passivation of electrically-active centers or by

the effect of positive charge occurring in silicon nitride

containing hydrogen bonds, or by both.

Later, positive results of performance improvement of

transistor structures on the basis of doped AlGaN epitaxial

structures using various techniques and passivating layer

materials were reported. They include silicon nitride

passivation in inductively coupled plasma [4]; the use

of silicon nitride thick films deposited by the LPCVD

(Low Pressure Chemical Vapor Deposition) technique [5];
catalysis [6]; in-situ passivation [7]; the use of organic

materials [8]; silicon dioxide films [9,10]; aluminum oxide

layers [11]; aluminum nitride [12,13]; aluminum nitride and

hafnium oxide [14]; AlTiO layers [15].

All listed methods provide significant improvement of

transistor structure parameters. However, in the authors’

opinion, the effect of hydrogen dissolved in (Van der Waals-

bound) in the grown AlGaN epitaxial structures and the

effect of hydrogen bonds in the passivating layer and at

the HxSirNzHy /AlGaN interface shall be considered. This

hydrogen influences trap state energy levels. Therefore a

change in the concentration of dissolved hydrogen and of

chemically-bound hydrogen shall be taken into account in

the transistor structure manufacturing process.

At the same time AlGaN/GaN-based structures and other

solid solution structures are usually formed as heterostruc-

tures on substrates made of other materials (silicon, silicon
carbide, sapphire, etc), as a result these structures have a

high threading dislocation density up to 107−1011 cm−2 due

to substantial mismatch of lattices, thermal stresses and
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other parameters [16–19]. Regions with high density of

defects having acceptor-consistent properties are formed

around the dislocation core. Of course, this leads to charge

carrier scattering and recombination [20–24], degradation of

transistor structure properties (saturation current, leakage

current, current collapse, noise level, radiation resistance,

etc.) [25–30]. However, electronic structures on the basis

of third group nitrides can have outstanding properties

with a dislocation density, as mentioned above, many

orders of magnitude higher that the dislocation density in

silicon, gallium arsenide structures and many others [31,32].
A mechanism behind this phenomenon is still not fully

understood.

Vacancies are experimentally detected by a positron

annihilation method [19,33–35]. These results show that Ga

vacancies are present in concentrations of 1017−1018 cm−3

in undoped bulk crystals and GaN layers, while Mg-

doped samples are free from Ga vacancies. Ga vacancies

are negatively charged and their concentration correlates

with yellow luminescence band intensity. Ga vacancies

probably facilitate electrical compensation of n-type GaN,

and their acceptor levels participate in generation of the

yellow luminescence band.

Direct observation of vacancies uses the direct real-space

visualization on a cleaved GaN surface via atomic force

microscopy and scanning tunneling microscopy [36].
Calculations using ab initio methods [37,38] show that

hydrogen can compensate a vacancy, giving up an electron

to the acceptor level, and passivate a vacancy, forming a

hydrogen–vacancy complex [37]. It has been shown recently

on the basis of ab initio calculations that deep states can be

also removed from edge dislocations via oxygen passivation

after GaN crystal growth [39].
At the same time, investigation of vacancies using

the positron annihilation and atomic force microscopy

techniques involve considerable impact on samples due

to the presence of high energy particles and possible

noticeable mechanical damage and, consequently, excitation

of mechanical stress in a crystal structure. And ab

initio calculations can lead to considerable deviations from

experimental data [37,38,40].
Therefore, approaches to investigation of vacancies in

third group nitrides using yellow band luminescence [41]
and capacitance-voltage characteristics using deep level

transient spectroscopy (DLTS) may turn out to be promis-

ing [42].
In epitaxial gallium nitride structures, high hydrogen

concentration is detected after epitaxy [42–44]. This can

facilitate preservation of high electrophysical properties of

transistor structures because hydrogen can passivate p-type

impurities and defects in third group nitrides, this effect is

observed up to annealing temperatures of 800 ◦C.

However, annealing at temperatures above 900 ◦C leads

to removal of hydrogen from p-type gallium nitride [44]
and slightly reduces the hydrogen concentration in n-type

gallium nitride. Hydrogen has low solubility in n-type

structures. Hydrogen easily diffuses into p-type gallium

nitride, but hydrogen diffusion into n-type gallium nitride

or through GaN:Mg/GaN:Si type structures is considerably

weakened. These phenomena are accounted for by the

fact that hydrogen is negatively charged in n-type GaN

and positively charged in p-type GaN or high-resistance

GaN [43].
Similarly in passivating silicon nitride, hydrogen is quickly

removed via high-temperature annealing, for example, it is

shown that the time of hydrogen diffusion escape from a

100 nm silicon nitride layer at 800K is 2.1 · 10−5 s [45].
The foregoing suggests that hydrogen contained in epi-

taxial gallium nitride actively reacts with electrically-active

centers in the epitaxial structure and passivating silicon

nitride, influencing to a significant extent on electron

transport in transistor structures. However, when epitaxial

structures are exposed to heat during transistor structure

manufacturing process (for example, contact baking), hy-

drogen concentration both within the epitaxial structures

and in the passivating silicon nitride (at the dielectric–
semiconductor interface) significantly decreases. This can

lead to a change in transistor structure properties, reduction

of saturation current and power output, increase in leakage,

etc.

There are known techniques allowing hydrogen intro-

duction into bulk GaN/AlGaN heterostructures using radio-

frequency deuterium plasma [30]. Substrate was treated in

deuterium plasma at 260 ◦C during 10min. In this case,

deuterium concentration of 1017−1021 cm−3 was reached at

depths of 1−100 nm.

This led to an increase in a set of transistor structure

parameters such as saturation current, leakage current

and, consequently, dynamic characteristics by 10%−30%.

In addition, note that hydrogen processing can facilitate

halogen radical removal from the third group nitride volume

after traditional semiconductor structure manufacturing pro-

cesses [46].
The authors examine the efficiency of passivating silicon

nitride deposition on the transistor structure surface and

the effect of hydrogen plasma processing at the end of the

process on the electrical parameters of transistor structures.

1. Experimental setup

Hydrogenation of AlGaN/GaN transistor structures and

passivation by plasma-chemical silicon nitride, HxSirNzHy ,

were performed on a microwave plasma generation unit

in electron cyclotron resonance (ECR) conditions. The

laboratory-assembled unit makes it possible to change and

maintain the absorbed microwave power and to control the

energy of N+
2 , N

+, Si+, H+
2 and H+ protons. Energies of

ions and protons striking the surface of a sample were varied

by a negative bias potential Ub, which ranged from a floating

potential V f lo [47] to −160V.

The diagram of the experimental setup is shown in

Figure 1. Charge was generated by absorption of magnetron

microwave power in the ECR chamber (diameter 15 cm,
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Figure 1. Diagram of the experimental setup with plasma charge

generation in ECR conditions: microwave radiation frequency

f = 2.45GHz, resonance magnetic field B r = 875G. Microwave

energy flux arrives into the ECR chamber(diameter Ø = 15 cm,

length L = 16 cm) via a microwave path consisting of rectangular-

profile waveguides. To control the energy of positively charged

ions, HF voltage with controlled amplitude is applied to the

substrate holder (Si, SiC or Al2O3 wafer with transistor structures).
The setup can be used both for passivation and hydrogenation of

AlGaN/GaN transistor structures. Gas ring is used to arrange

homogeneous molecular flow distribution of the active gas on

substrate surface (SiH4 or H2). Gas mixture (1 · SiH4 + 3 · Ar)
and coaxial inleakage of N2 to the ECR chamber are used for

passivation. Hydrogenation uses H2 and coaxial inleakage of Ar to

the ECR chamber. Coaxially symmetric inleakage of N2 or Ar is

arranged from the cylinder periphery at the ECR chamber inlet so

that the molecular flows
”
slide“ along the quartz window surface

to center.

length 16 cm). Microwave power Win emitted by a

magnetron tube at f = 2.45GHz can be stably maintained

by a generator within Win = 50−1000W. Microwave energy

flux arrives into the ECR chamber via the microwave path

consisting of rectangular-profile waveguides. An automatic

tuner is used for impedance matching and minimization of

reflected power Wre f .

Optimum distribution of magnetic field induction within

the ECR chamber is achieved by moving magnetic coils

parallel to the chamber along the rod guides. Thus, magnetic

field B r = 875G, which is necessary to maintain ECR

conditions, is achieved at a distance of 40mm from the

quartz window (Figure 1) and later remains unchanged at a

length of 30mm along the ECR chamber axis.

For hydrogenation of transistor structures, the plasma was

held in a hydrogen and argon mixture. Argon was fed

coaxially symmetrically from the quartz window periphery

at the ECR chamber inlet. For passivation, Ar was replaced

with N2 (Figure 1). The wafer with AlGaN/Ga transistor

structures was placed in a substrate holder located coaxially

at a distance of 120 mm from the ECR chamber outlet.

To generate Ub, 13.56MHz HF voltage with a controlled

amplitude was applied to the substrate holder with respect

to the ECR plasma unit.

The optimum conditions for ECR plasma treatment

were selected by varying the substrate temperature

T=40 ◦C−300 ◦C, microwave power W=50−400W, pres-

sure P = 0.1−4mTorr, and the ratio R = 0.2−1.0 of H2/Ar

flows. For passivation, the optimum ratio of SiH4/N2 flows

was kept equal to 1.05.

Far from the ECR region and chamber walls in plasma

{e,N+
2 }, the electron energy is kTe ≈ 5 eV. The electron

flux in any direction is ≈ 1000 times higher than the ion

flux. This is due to the mass ratio (M i/me ≈ 51 000)
and temperature ratio (Te/Ti ≈ 20) of the electron and ion

components of neutral plasma. Isolated substrate placed in

the plasma region will receive a negative charge necessary

for flattening electron and ion fluxes on its surface. With

respect to neutral plasma, the substrate will be charged by

the negative potential. Such potential in plasma physics

is called the floating potential V f lo . In plasma {e,N+
2 },

V f lo ≈ −5.155 · kTe ≈ −26V [47].

Physical pattern is modified, if HF voltage is fed to the

substrate with respect to the chamber walls as shown in

Figure 1. Under the action of a force pulse from the

HF field, electron gas cloud displacement is M i/me times

greater than that of the ion array. In each plasma oscillation

period, the substrate is
”
immersed“ in the electron cloud.

Plasma polarization will occur near the substrate surface.

As a result of such polarization, the negative charge layer

will move to the substrate surface, and the positive charge

layer will be distributed at a distance from the substrate

surface. With respect to the neutral plasma, the substrate

receives the negative potential Ub, the magnitude of which

is defined by the HF field amplitude. Positive ions in

the particle flux striking the substrate surface pass via the

polarization region and acquire an energy equal to eUb .

For more detailed description of the rectifying action of

near-electrode plasma on the HF field, see the book by

Yu.P. Raizer [48].

Due to high degree of ionization (0.001−0.1) in the ECR

plasma conditions, sufficient fluxes of active particles are

provided to maintain the processes of homogeneous film

deposition on the substrate [49] at chamber pressures of

(0.1−10) · 10−3 Torr.
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2. Findings

2.1. Study of plasma-chemical silicon nitride

HxSirNzHy

Due to the known advantages of the ECR plasma [49,50],
the silicon nitride layer deposition process was performed

in an ECR plasma unit. Thus, to avoid possible defect

formation, we aimed to reduce the ion energy and simul-

taneously to increase the electron gas density (degree of

plasma discharge ionization).

Deposition process optimization is driven by a significant

difference between the chemical formula Si3N4and the

atomic composition of the real material of the xSirNzHy

layer, which is called
”
silicon nitride“ in microelec-

tronic technology. Molecular formula HxSirNzHy for

silicon nitride was introduced in [45]. In this formula,

x , r, z , y are atomic percentages. x + r + z + y = 100%;

x = C(Si−H), r = C(Si), z = C(N), y = C(N−H). Per-

centages of hydrogen atoms x and y depend on the

”
silicon nitride“ deposition process and temperature. The

minimum amount x + y = 5% can be achieved via high

temperature (T > 1200K) pyrolytic layer deposition. The

total percentage of hydrogen atoms in low-temperature

(T < 600K) plasma-chemical layer deposition can be as

high as 38% [51].

Thus, the
”
silicon nitride“ layer, HxSirNzHy , is a

polymer-like material and initially contains chemically

bound (≡Si−H, =N−H) hydrogen atoms. AlGaN HEMTs

were passivated by HxSirNzHy in conditions providing ap-

proximately equal concentrations (x ≈ y = 14%) of Si−H

and N−H bonds.

HxSirNzHy layers (1000 Å) were deposited from nitrogen

and monosilane (SiH4) diluted with argon (1:3). Substrate

temperature 200 ◦C and SiH4/N2 flow ratio were varied

within (0.75−1.25), pressure was 3mTorr, absorbed mi-

crowave power was (Win −Wre f ) = 200W.

To study the properties of silicon nitride, HxSirNzHy

layers were deposited onto high-resistance Si (111) wafers

(p-type, 10�·cm). The refractive index of silicon nitride

was varied within 1.96−2.03 by changing the SiH4/N2 flow

ratio (0.9−1.1). Figure 2 shows the FTIR (Fourier Trans-

form Infrared Spectroscopy) spectrum of the HxSirNzHy

layer with the base peak νo = 838 cm−1 normalized to the

absorbance A = 1. The amount of included hydrogen and

type of chemical bond were determined by absorption peaks

of the Si−H stretching modes at 2180 cm−1 and N−H

at 3340 cm−1.

FTIR spectra were scanned using the Bruker VER-

TEX27V Fourier research IR spectrometer. All spectra

were recorded with the resolution 1ν = 4 cm−1 in the

wavenumber range from 370 cm-1 to 6370 cm−1 with

accumulation and automatic averaging of 625 scans. In

Grams/386 (Thermo Fisher Scientific corporation), Ir spec-
trum of high-resistance {Si (111)} was subtracted from

{HxSirNzHy + Si (111)}. Then the differential IR spectrum

{HxSirNzHy} was reduced to the form of ANIRS (Absolute
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Figure 2. FTIR spectrum of plasma-chemical silicon nitride

HxSirNzHy (x + r + z + y = 100). Spectrum is shown with the

base peak νo = 838 cm−1 normalized to the absorbance A = 1

(10 -fold fall of intensity of transmitted IR radiation). Layer

thickness D1 = 7360 Å corresponds to A = 1.
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HxSirNzHy (x + r + z + y = 100) layers depending on the

SiH4/N2 flow ratio.

Normalized Infrared Spectrum) in Grams/386, as shown in

Figure 2. It is the IR spectrum reduced to ANIRS that is

suitable for analysis and mathematical processing. Proce-

dure of reducing the differential IR spectrum {HxSirNzHy}
to ANIRS is described in detail in [51].
In [51], we have developed a mathematical tool designed

to use the IR Fourier spectroscopy for calculating the

atomic composition (x , r, z , y) in HxSirNzHy layers with

a submicron thickness of 500−3000 Å. Concentration

of hydrogen in HxSirNzHy layers depending on the

SiH4/N2 flow ratio is shown in Figure 3. At a deposition

temperature of 200 ◦C for percentages of Si−H and

N−H, there were sharp changes with small deviations of

(SiH4/N2) near 1.05. The total concentration of hydrogen

was almost constant (Figure 3). At (SiH4/N2) = 1.05 and

Technical Physics, 2026, Vol. 71, No. 2



312 A.V. Kovalchuk, V.E. Zemlyakov, S.I. Karcev, D.S. Shpakov, S.Yu. Shapoval

0 5 15 20

0

20

40

80

100

Sputter time, min

C
o
n
ce

n
tr

a
ti

o
n
, 
a
to

m
ic

 %

60

25 35

10

30

50

90

70

10 30

N

Si

O

Figure 4. Distribution of O, Si, N concentrations by the plasma-

chemical HxSirNzHy (x + r + z + y = 100) layer thickness mea-

sured using SIMS.

a deposition temperature of 200 ◦C, equal concentration

of Si−H and N−H is achieved in HxSirNzHy so

that x = y ≈ 14% and r/z = 3/4 as is the case for

stoichiometric Si3N4. This means that a pair of (H,H)
atoms is chemically built into each dangling bond

(Si− · · · −N) :⇒ (H,H) + (Si− · · · −N) = Si−H + N−H.

A local potential energy minimum is apparently reached in

the HxSirNzHy structure at x = y .

Figure 4 shows the SIMS (secondary ion mass-

spectrometry) measurements of atomic concentrations.

Concentrations of Si, N,O atoms in the silicon nitride layer

depth measured using the SIMS technique were almost

constant. SIMS spectra were measured on the TOF.SIMS-5

(IONTOF, Germany) secondary ion mass-spectrometer with

an ultimate sensitivity of 1014 atoms/cm3. Measurements

were performed at 5 · 10−5 Pa in dynamic mode. Silicon

nitride sputtering rate was ≈ 50 Å/min. Primary ion energy

Xe+ was equal to 1 keV.

2.2. Passivation of AlGaN HEMTs by

plasma-chemical silicon nitride HxSirNzHy

Transistor structures are test field-effect transistors made

on a AlGaN/GaN heterostructure grown on a sapphire

substrate, with Ti/Al/Ni/Au resistance contacts and Ni/Au

gate, and passivated by plasma-chemical HxSirNzHy .

Saturation currents, output power and power-added

efficiency before and after passivation were measured

for undoped AlGaN/GaN on transistor structures with a

2× 37.5 × 0.3µm gate. Measurements were performed

at 10GHz (Vds = 15V, Vgs = −3.8V). Increase in the

output power up to 40% was achieved. Figure 5 shows

the output power and power-added efficiency (PAE) before
and after passivation.
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Figure 5. Output power (a) and PAE (b) before and after

passivation of AlGaN/GaN HEMT. Measurements were made at

10GHz.
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teristics are written at Vg = 1V intervals.

As can be seen in Figure 6, the slope of the current-

voltage curve and saturation current have increased signif-
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icantly. There is an increase in PAE from 20% to 41%

after passivation. It is clear from these measurements that

passivation strongly reduces the depletion of the conduc-

tivity channel region under the gate−drain semiconductor

surface, which leads to more pronounced possibility for

active channel modulation.

2.3. Influence of hydrogen plasma treatment on
saturation currents and leakage currents of
transistor structures

Transistor structure samples with identical geometry

were processed in hydrogen (H2 + Ar) ECR plasma at a

pressure of 2mTorr, flow ratio F(H2)/F(Ar) = 1, absorbed

microwave power (Win −Wre f ) = 300W, self-bias potential

Ub = −120V and various exposure times. Substrate holder

temperature was 200 ◦C.

A group of wafers with similar transistor structures was

placed on the surface of a mirror-finished stainless steel

table, to which HF voltage with controlled amplitude was

applied (Figure 1). After five-minute hydrogen ECR plasma

treatment and process termination, a part of wafers were

removed from the reactor. Other wafers remained on the

substrate holder surface for adding the next five-minute

treatment portion. And so on, until 25min treatment was

reached for the last pair of wafers. Such procedure was

used to avoid significant adiabatic heating of a wafer in

gas discharge plasma, if the wafer is continuously treated

during 25min. At 2mTorr, the wafer temperature can

significantly deviate from 200 ◦C due to the Knudsen heat

transfer in the gas interlayer between the wafer and mirror-

finished table. It is important that such technique allowed

addition of identical five-minute treatment portions for

further experimental points. Proton flux accelerated by Ub

is transformed into a hydrogen atom flow. Individual tem-

perature of each wafer is a critical hydrogenation parameter
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because the process of hydrogen atom penetration into deep

transistor layers (≈ 100 nm) is of diffusion nature.

Figure 7, 8 shows that both currents (saturation and

leakage) are significantly dependent on the plasma treatment

time. This can suggest that hydrogen diffuses into the

heterostructure volume and passivates acceptors not only

on the surface, but also in the semiconductor volume [21].

Conclusion

Grown epitaxial AlGaN/GaN structures contain hydrogen

with concentration comparable (or higher) with that of n-

type or p-type structures.

Hydrogen can escape from the epitaxial structure volume

during heat treatments, thus reducing the concentration to a

much lower level than that of electrically-active centers.

Atomic hydrogen localized near the epitaxial structure

surface can probably passivate trap states on the epitaxial

structure surface, preventing electron tunneling from the

two-dimensional gas region to surface traps and a change

in the two-dimensional electron gas density.

At the same time, during ECR hydrogen plasma treat-

ment, hydrogen diffuses into the epitaxial structure volume,

reducing the free hole concentration. And ultimately it can

lead to an increase in saturation current, output power and

power-added efficiency of transistor structures at least with

an undoped channel.

Not so vivid, but substantial dependence of transistor

saturation current and leakage currents on hydrogen plasma

treatment time can suggest that during treatment hydrogen

diffuses into the heterostructure volume and passivates

acceptors not only on the surface, but also in the semi-

conductor volume.
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Our conclusion that hydrogen saturation at low tempera-

tures and at the end of electronic device formation processes

coincides with conclusions of [39] that oxygen inclusion

during growth can be harmful; it becomes useful, if it takes

place at the cooling or postgrowth heat treatment phase at

much lower temperature. This may be indicative of some

common hydrogen and oxygen binding mechanisms in the

presence of vacancies and dislocations.
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