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The uniform distribution model of the surface donor states in AIGaN/GaN heterostructures has been widely used in
the theoretical calculation. A common and a triple-channel AlIGaN/GaN heterostructure Schottky barrier diodes have been
fabricated to verify the models, but the calculation results show the uniform distribution model can not provide enough
electrons to form three separate 2DEGs in the triple-channel AIGaN/GaN heterostructure. Our experiments indicate the
uniform distribution model is not quite right, especially for the multiple-channel AlIGaN/GaN heterostructures. Besides, it
is found the exponential distribution model possibly matches the actual distribution of the surface donor states better, which
allows the 2DEG to form in each channel structure during the calculation. The exponential distribution model would be

helpful in the research field.
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1. Introduction

AlGaN/GaN heterostructure devices have been widely
used in high-power, high-frequency electronic devices, be-
cause of their wide band gap and high electron mobility.[=]
The unique electrical properties of the AlGaN/GaN het-
erostructures benefit from the high density and high mobil-
ity two-dimensional electron gas (2DEG), which is formed by
the spontaneous and piezoelectric polarization charges at the
heterointerface.[®! The donor states on the AlIGaN/GaN sur-
face have been widely considered as the source of the electrons
in the 2DEG. -1 Specifically, Smorchkova et al.!”! found the
2DEG appeared in Al 27Gag73N/GaN heterostructure when
the thickness of the AlGaN barrier was more than 3 nm. The
critical thickness of the AlGaN barrier, that is, the minimum
thickness allowed the existence of 2DEG, was determined by
the energy level position of the donor states on the AlGaN sur-
face. Ibbetson et al.!8! found the surface donor states were
the actual source of the electrons in the 2DEG and the en-
ergy level position of the donor states was fixed, which was
1.65 eV below the conduction-band minimum (CB ;) on the
Alp 34Gag 66N/GaN heterostructure surface. Similarly, the va-
lence band maximum can be expressed as VBpax. On the other
hand, Koley et al.!! found the position of donor states was
not fixed and the bare surface barrier height (BSBH) varied
according to the AlGaN barrier thickness and the doping con-
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centration. The surface state density can be estimated based
on the value of BSBH. Higashiwaki e al.l'% found the sur-
face barrier height monotonically increased with the AlGaN
barrier thickness and the surface donor states distributed over a
range of energies. Gordon et al.!'!) found the highest occupied
surface states were about 1 eV below the CB,,;, on surfaces.
These models, which consider the electrons in the 2DEG com-
ing from the surface donor states, have been widely used in the
analysis of GaN based multiple-channel devices.!!>'4l How-
ever, the precise features of donor states distribution on Al-
GaN/GaN surfaces are still unclear. In previous reports, the
density of surface donor states is constant over the range of
energy levels.[%!1]

In this work, a common AlGaN/GaN heterostructure
and a triple-channel AlGaN/GaN heterostructure are used for
Schottky barrier diodes (SBDs), which can provide the car-
rier concentration profiles of the two materials by C-V pro-
filing technique.!'>! On the other hand, the carrier concentra-
tion profiles can be confirmed by calculation through material
structures.[!110-18] The features of surface donor states distri-
bution are directly related to the carrier concentration profiles
in calculation. In our experiments, it is found that the uni-
form distribution model of surface donor states is not right
and the exponential distribution model possibly matches the
actual distribution better, especially for the multiple-channel
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AlGaN/GaN heterostructures.

2. Experiment and analysis

The epitaxy structures of the common AlGaN/GaN het-
erostructure and the triple-channel AlGaN/GaN heterostruc-
ture are illustrated in Fig. 1(a), and the optical microscope
photograph of the SBDs are shown in Fig. 1(b).

Samples are grown by metal-organic chemical vapor de-
position (MOCVD) system on c-plane sapphire substrates.
In epitaxial growth, the common AlGaN/GaN heterostructure
starts with an about 20-nm AIN nucleation layer followed by
3-um unintentionally doped (UID) GaN buffer layer. The
channel structure is on the UID GaN buffer layer, consisted
of 200-nm UID GaN channel layer, 1-nm UID AIN spacer
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and 10-nm UID Alp27Gag 73N barrier layer from the bottom
up. The epitaxy structure of the common AlGaN/GaN het-
erostructure has been shown in the left half of Fig. 1(a). The
triple-channel AlGaN/GaN heterostructure is obtained by in-
serting two additional channel structures into the common
AlGaN/GaN heterostructure. Each of the additional chan-
nel structures consists of 10-nm UID GaN channel layer,
1-nm UID AIN spacer, 1-nm UID AlGaN layer, 8-nm Si-
doped Alp27Gap 73N layer whose doping concentration is 2 X
10" ¢cm™3 and 1-nm UID Alg»7Gag 73N layer from the bot-
tom up. The two additional channel structures are shown in
the right half of Fig. 1(a). The insertion position is 10 nm be-
low the AIN spacer/GaN buffer interface of the common Al-
GaN/GaN heterostructure.

Fig. 1. (a) The epitaxy structures of the common AlGaN/GaN heterostructure and the triple-channel AIGaN/GaN heterostructure. (b) The optical micro-
scope photograph of the SBDs and the diameter of the Schottky contact is 200 pm.

The two SBDs are fabricated as the same as the follow-
ing process. The mesas are fabricated by inductively cou-
pled plasma reactive ion etching (ICP-RIE), and the etching
depth of mesas are 200 nm. Then, ohmic contacts consisting
of Ti/Al/Ni/Au (20/80/20/60 nm) are formed by rapid thermal
annealing (RTA) at 850 °C for 30 s in nitrogen condition. In
the final step, the Schottky contacts are formed by deposit-
ing Ni/Au (20/60 nm). The radius of the Schottky contacts is
100 pum, which has been shown in Fig. 1(b).

The capacitance—voltage (C—V) curves of the two SBDs
are measured at room temperature and the frequency of the al-
ternating voltage (AC) signal is 100 kHz. The carrier concen-

tration profiles can be acquired by calculation as follows: %]

_ &&S

D )
C

)]

2dv

N D) = astd(1/c?)’

where D is the depletion depth, N(D) is the carrier concentra-

(@)

tion, S is the Schottky contact area, € is the vacuum dielectric
constant, & is the relative dielectric constant, and g is the elec-
tron charge.

The C-V curves of the common AlGaN/GaN heterostruc-
ture and the triple-channel AlIGaN/GaN heterostructure are
shown in Fig. 2(a). The carrier concentration profiles over
depths of the common and triple-channel AlGaN/GaN het-
erostructures are shown in Fig. 2(b). The peak value of the
carrier concentration in the common AlGaN/GaN heterostruc-
ture is 5.65 x 10! cm™3. There are three peaks of the carrier
concentration in the triple-channel AlGaN/GaN heterostruc-
ture, the peak values are 5.86 x 10" cm™3, 1.34 x 10'8 cm ™3
and 4.21 x 10! cm™> from the surface down, respectively.
It means there are three 2DEGs in the triple-channel Al-
GaN/GaN heterostructure.

On the other hand, the distribution of carrier concentra-
tion can be confirmed by calculation through material struc-
tures. The AlGaN/GaN heterostructures possess polarized
wurtzite structures, having dipoles in the [0001] direction. In
the absence of external fields, the total polarization consists
of spontaneous and piezoelectric polarization, which can be
calculated as follows: 16171
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where a and a’ are the lattice constants of the the upper and
lower parts of the heterostructures respectively. crelax is the
relaxation coefficient. e3; and e33 are the piezoelectric coef-
ficients, and C;3 and Cs3 are the elastic constants. ngp is the
concentration of 2DEG. APsp equals to the spontaneous polar-
ization of the lower part of the heterostructure minus the spon-
taneous polarization of the upper part of the heterostructure. €
is the permittivity of the materials.
The charge distribution p can be calculated by the self-
consistent Poisson equation as follows: '8!

€11 0 0 0
. 0 ¢ 0 — _ .
v 1 B Vo |=-p+V 0 |,@
0 0 &3+ C%i Potal

where ¢;; is the second-ranked permittivity tensor, e33 is a
piezoelectric coefficient, C33 is an elastic constant, ¢ is the
electrostatic potential, and Py, is the total polarization.
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Fig. 2. (a) The C-V curves of the common AlGaN/GaN heterostructure and
the triple-channel AlIGaN/GaN heterostructure. (b) The carrier concentration
profiles over depths of the two AlIGaN/GaN heterostructures.

Equations (3) and (4) are used to calculate the carrier
concentration distribution of the common AlGaN/GaN het-
erostructure with a uniform distribution model of the surface

donor states. In our models, the highest surface donor states
are 1 eV below the CB i, on surface based on the previous lit-
erature, it means the critical surface barrier height is 1 eV.!'!]
So, the uniform distribution model of the surface donor states
of the common AlGaN/GaN heterostructure can be expressed
as follows: ]

Nsurface = 10 (VBmax < E < CBpin — (I)c) s (5)

where E is the forbidden bandwidth. @, is the critical surface
barrier height, and its value is 1 eV. n is the constant density
of the surface donor states, whose unit is cm 2-eV~'. CBpyin
is the conduction-band minimum on surface.

The calculation results indicate the calculated peak value
of the carrier concentration is 5.65 x 10 ¢cm™3 in the
common AlGaN/GaN heterostructure when the n is 2.23 x
1013 cm=2.eV~1.

carrier concentration of the common and triple-channel Al-

The band structure and the distribution of

GaN/GaN heterostructures are shown in Fig. 3.
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Fig. 3. The band structure and the distribution of carrier concentration in the
common AlGaN/GaN heterostructure (a) and the triple-channel AlIGaN/GaN
heterostructure (b) with n = 2.23 x 10" cm=2.eV~1.

As shown in Fig. 3(b), in the uniform distribution model,
there are only two 2DEGs in the triple-channel AIGaN/GaN
The re-
sults show that the surface donor states of the triple-channel
AlGaN/GaN heterostructure do not obey the uniform distribu-

tion because it cannot provide enough electrons to form three
separate 2DEGs.

heterostructure when 7 is 2.23 x 10'3 cm=2-eV—1.
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Fig. 4. The band structure and the distribution of carrier concentration in the
common AlGaN/GaN heterostructure (a) and the triple-channel AlIGaN/GaN
heterostructure (b) with n; = 2.26 x 1015 cm=2.eV~! and E; = 0.5 eV. (¢)
The distribution of the surface donor states. The blue, black and green circles
resperent the CByyi,, Fermi level and VB on surface, respectively.

According to the previous experimental and calculating
results, we guess that the level of the surface donor states is
closer to the valence band on surface, and the density of the
surface donor states is higher. Hence, the exponential distribu-
tion model possibly matches the actual distribution of the sur-
face donor states better. The exponential distribution model of
the surface donor states in AlGaN/GaN heterostructures can
be expressed as follows:

E—VBnax
Nsurface = N1 EXp | — )
Eq
(VBmax <E< CBmin - d)c) ) (6)

where n; is the maximum of the surface donor state density
in exponential distribution model, whose unit is cm2.eV1,

CBin is the conduction-band minimum on surface. The range
of the exponential distribution is determined by E;. When
E; = 0.5, the highest occupied surface states are 1 eV below
the CBin on surfaces according to Eq. (6). The distribution
has been shown in Fig. 4(c).

In this model, calculations show that the peak value of

3 in the com-

the carrier concentration is 5.65 x 10 cm™
mon AlGaN/GaN heterostructure when n; equals to 2.26 x
10" cm~2.eV~!. The band structure and the distribution of
carrier concentration of the common and triple-channel Al-
GaN/GaN heterostructures have been shown in Figs. 4(a) and
4(b). The distribution of the surface donor states is shown in
Fig. 4(c). The location of 0 eV in Fig. 4(c) means the valence-
band maximum on surface.

As shown in Fig. 4(b), there are three separate 2DEGs
in the triple-channel AlGaN/GaN heterostructure when n; =
2.26 x 10 cm™2eV~! and E; = 0.5 eV. The calculation
results show the exponential distribution model possibly
matches the actual distribution of the surface donor states bet-
ter, because it allows the 2DEG to form in each channel struc-
ture of the triple-channel AIGaN/GaN heterostructure during
calculation. The peak values of the carrier concentration are
different from the actual peak values, which indicates that the
exponential distribution model is still not the actual distribu-
tion model of the surface donor states. But the exponential
distribution model matches the actual distribution better com-
pared with the uniform distribution model.

3. Conclusion

In this work, we try to verify the uniform distribution
model of the surface donor states in AlIGaN/GaN heterostruc-
tures by experiments and calculations, which has been widely
used in the theoretical calculation. A common AlGaN/GaN
heterostructure and a triple-channel AlIGaN/GaN heterostruc-
ture SBDs have been fabricated to verify the models about the
distribution of surface donor states. The carrier concentration
profiles of the two SBDs are obtained by C-V profiling tech-
nique. On the other hand, the carrier concentration profiles
can be confirmed by calculation through the epitaxy structures
of the AlGaN/GaN heterostructures. The features of surface
donor states distribution are directly related to the carrier con-
centration profiles in calculation, so the models about the dis-
tribution of surface donor states can be verified by calculating.
In the calculation, the highest occupied surface states are 1 eV
below the CB,i, on surfaces. The results show the uniform
distribution model is not right, because the surface donor states
in this model cannot provide enough electrons to form three
separate 2DEGs in the triple-channel AlIGaN/GaN heterostruc-
ture. Compared to the uniform distribution model, the expo-
nential distribution model possibly matches the actual distri-
bution of the surface donor states better, because it allows the

128102-4
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2DEG to form in each channel structure of the triple-channel
AlGaN/GaN heterostructure during calculation. Although the
exponential distribution model is still different from the ac-
tual distribution model of the surface donor states, we think it
would be helpful in the research field.
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