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It was reported by Shen et al that the two-dimensional electron gas (2DEG) in an AlGaN/AIN/GaN struc-
ture showed high density and improved mobility compared with an AlGaN/GaN structure, but the potential of the
AlGaN/AIN/GaN structure needs further exploration. By the self-consistent solving of one-dimensional Schrodinger—
Poisson equations, theoretical investigation is carried out about the effects of donor density (0-1x101° cm~3) and
temperature (50-500 K) on the electron systems in the AlGaN/AIN/GaN and AlGaN/GaN structures. It is found that
in the former structure, since the effective AE, is larger, the efficiency with which the 2DEG absorbs the electrons
originating from donor ionization is higher, the resistance to parallel conduction is stronger, and the deterioration of
2DEG mobility is slower as the donor density rises. When temperature rises, the three-dimensional properties of the
whole electron system become prominent for both of the structures, but the stability of 2DEG is higher in the former
structure, which is also ascribed to the larger effective AE.. The Capacitance—Voltage (C — V') carrier density profiles
at different temperatures are measured for two Schottky diodes on the considered heterostructure samples separately,
showing obviously different 2DEG densities. And the temperature-dependent tendency of the experimental curves agrees

well with our calculations.
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1. Introduction

The strong polarization effects in nitride-based
heterostructures can modulate their energy bands
and carrier distributions significantly, and result in a
two-dimensional electron gas (2DEG) with the den-
sity much higher than that of conventional GaAs-
based heterostructures. Shen et all'l reported
that AlGaN/AIN/GaN structure was superior to Al-
GalN/GaN structure since in the former both electron
density and mobility of 2DEG were improved. The
same research group in UCSB also observed experi-
mentally the dependences of 2DEG mobility and sheet
density on aluminium content and thickness of the Al-
GaN layer in the AIGaN/AIN/GaN structures.?]

The wide application of nitride-based heterostruc-

tures requires not only high density but also high
stability of 2DEG. So it is very important to in-
vestigate the effects of donor density and temper-
ature on the electron systems in nitride-based het-
erostructures. In this paper, such investigations are
carried out theoretically by the self-consistent solv-
ing of one-dimensional coupled Schrodinger—Poisson
equations for the Al1GaN/GaN and AlGaN/AIN/GaN
structures, and the different 2DEG stabilities are com-
pared. Meanwhile, the temperature-dependent carrier
density profiles measured by the Schottky C' —V char-
acteristics strongly support our calculations of the ef-

fect of temperature.

2.Model

Along the longitudinal direction the quantum
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confinement of conduction band for electrons can be
described by the Schrédinger equation
2 *
S+ T (B B =0, ()
where m* is the effective electron mass, F; and v;,
where ¢ =0,1,2-.-, Ng, — 1, are 2DEG energy levels
and wavefunctions respectively, and Ng, is the num-
ber of 2DEG energy levels. The conduction band edge
satisfies E; (z) = —eV(2)+ AFE.(z), where V(z) is the
electron static potential, and AFE,. is the conduction
band offset at a hetero-interface.
From Eq.(1) the 2DEG sheet density Ngp and

spatial distribution nap(z) are obtained as follows:

Nep=p ni =) m:;;T In [1 + exp (%ﬂ :
nap(2) = Z niY; (2)i(2), g;

i=0,1,2,---,Ng,

i

/wf(z)wi(z)dz =1, -1,

where kg is the Boltzmann constant.
The conduction band edge is solved by the Pois-

son equation,

d? _ p(2)
@V(z) T ee(z)

p(z) = e(Np (2) — m(2)),
ny(2) = nap(z) + nsp(2). (4)
In Eq.(4) the ionized donor density is

N,
+ _ D
Np(2) = 1 + 2e(Er—EctEa)/(ksT)’ )

where FE4 is the donor ionization energy.
The bulk electron density obeys the Fermi distri-
bution,

(6)

INERTW (C))

kT

where N, is the effective state density and F} /5 is the
half-order Fermi integral. The 2DEG and bulk elec-
trons are differentiated with respect to energy, and
there exists a natural criterion that if the difference
between two adjacent energy levels is less than kT,
the lower will be the upper limit of 2DEG subbands
and the higher will be the lower energy limit of bulk
electrons.

Define Ngp =

then the total electron sheet density will be Ny =

nsp(z)dz for bulk electrons,

Nsop + Ng3p. If the depth from the top of the struc-
tures to GaN channel is d, two ratios used in discussion

below can be defined here:

d
72D =/ nop(2)dz/Ngp
0
and
d
7t :/ ny(z)dz/Ng. (7)
0

Both r9p and r; reflect the proportion of elec-
trons distributed in the barrier layer to that in the
whole structure, but the former is for the 2DEG and
the latter for the total electron density.

With the Fermi level Ex chosen as the energy ref-
erence, the boundary conditions for the Poisson equa-
tion are E.|,—o =1.2eV at the AlGaN surface and
F|,—.... =0 at the bottom of GaN, where F is the
electric field.

At the hetero-interface there exists the electric

displacement continuity,
€1€0F1 + Opol = €2€0F2, (8)
Opol = Ppr1 — Ppr2 + Psp1 — Pspo, (9)

where ¢ is the dielectric constant and o}, the sheet
polar charge. The subscripts 1 and 2 are for differ-
ent materials adjacent to the hetero-interface. Ppg is
the piezoelectric polarization and Psp the spontaneous
polarization. The polarization effects are studied by
using the nonlinear models.!?!

In the study of the effect of temperature on the
electron distribution, the variations of polarization
and conduction band offset are considered besides the
items directly related to temperature in the equations
above.

The change of the polarization effects, or exactly
the change of piezoelectric polarization with temper-
ature as a result of thermal expansion of the lattice,
is described as follows:

aAGaN — @

Ppg(Al,Ga; .N,ALN) = f({), (= ——,

(10)

a(T) = ao(1 + B(T — Tv)), (11)

where a is the lattice constant of Al,Ga; N or AIN,

and [ is the thermal expansion coefficient of a. Tp is

taken as 300 K, and ag is the lattice constant at 300 K.

The conduction band offset changes with temper-

ature as a result of the temperature dependence of
nitride band gap,*

E, = E,, — AT?/(T + B) (eV). (12)

In Table 1, parameters needed for Egs.(10)—(12) are

presented.
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Table 1. Some basic parameters.

ag /A B/10-6K~! Eg, /eV A/10-%* B
AIN | 3.112 4.20 6.23 17.99 1462
GaN | 3.189 5.59 3.507 9.09 830

The self-consistent solution of the above model is
similar to that in Ref.[5], and the values of the other

relevant parameters are mainly cited from Ref.[6].
3. Calculations and analysis

The two structures considered here are similar to
those in Ref.[1]. Structure A is Alg25Gag 75N/GaN,
and Alg25Gag. 75N layer includes a 20nm Si-doped
layer and a 5nm spacer layer without doping. The
GaN layer is defined to be 300 nm in thickness with-
out doping, and the bottom boundary is so far from
the quantum well that the boundary condition of
zero electric field can be adopted. Structure B is
Alp.25Gag 75 N/AIN/GaN, which is formed by adding
a 1nm AIN interlayer to the AlGaN/GaN hetero-

interface in Structure A.
3.1. Effect of donor density

Conduction band and electron profiles at zero
doping are shown in Fig.1 for both A and B struc-
tures. In Structure B as a result of the larger effective
AFE, caused by polarization field, the quantum well is
deeper, the peak electron density is higher, and espe-
cially the barrier penetration of the two-dimensional
electrons is significantly lower. So alloy disorder scat-
tering is weakened and the 2DEG mobility improved.
Also elevated is the energy band in barrier layer, which
will fall with the increase of donor density Np, and the
barrier parallel conduction (BPC) may eventually ap-
pear. So it is predicted that the resistance to BPC is
stronger in Structure B.

-
o

Conduction band/eV

Electron density/10'%cm—3

Depth/nm

Fig.1. Distributions of conduction band E. and electron

density n¢ at zero doping for Structures A and B.

band and profiles at
Np=1x10* cm ™3 are shown in Fig.2(a) for both A

Conduction electron

and B structures. At the quantum well, electron den-
sity of Structure B is still higher than that of Structure
A; but their difference is larger.
profiles in the barrier shown in Fig.2(b), at the depth
of less than 20 nm, the major component of ny is nsp
for both A and B structures, which also makes the

major contribution to the BPC. But ngp in Structure

From the electron

B is far less than that in Structure A, so is the abso-
lute BPC. Meanwhile, nop or the difference between
ny and ngp is present in only AIN layer in the bar-
rier of Structure B, but in Structure A, nsp reaches a
density of 10'7 cm™3 at the depth of less than 20 nm.
So compared with zero doping, the 2DEG in Struc-
ture A spreads and experiences more ionized donor
scattering and alloy disorder scattering in the barrier,
and the deterioration of 2DEG mobility is larger in
Structure A.
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Fig.2. Distributions of E.; and nt at a donor density
Np=1x10'2 cm~3 in the AlGaN layer for Structures
A and B (a) E. and n¢ over 0-50 nm (b) Enlarged view

of nt over 0—25nm. nzgp shows the composition of ny.

Figure 3 shows the changes of some important
quantities with Np increasing. As defined in Section
2, rop is the proportion of 2DEG penetration into the
barrier, and reflects the amount of 2DEG experiencing
scattering present in the barrier, while the difference
between r; and ryp reflects the BPC effect. In the
considered range of donor density, r; is determined

by rop for both the structures. rop is quite high in
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Structure A, and it rises all along with Np except for
a fall at 6x10'8-7x10'® cm
ence between ry and rop grows fast. But in Structure
B, 7t and rop are low (< 3%), with little change. So
in the considered range of donor density, the 2DEG

—3, meanwhile the differ-

mobility deteriorates faster in Structure A, and BPC
can be omitted in Structure B but must be taken into
account in Structure A.

Also shown in Fig.3 are the 2DEG sheet density
Ngop and the total sheet density Ngi. In both the
structures the major component of Ny is Ngop. When
Np is less than 3x108 cm
A and B rise at the same rate. When Np increases
from 3x1018 cm™3 to 6x10'® cm™3, Ny of Structure
A rises slowly. When Np is more than 6x10'® cm =3,
Ng; in Structure A still rises but Ngop starts to fall. r¢

and rop are affected at this donor density and change

=3, Ny curves of Structures

from rise to fall.
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Fig.3. Total electron sheet density Ngt, 2DEG sheet
density Ng2p, and barrier electron proportions r¢ (for
the sum of 2DEG and bulk electrons) and rop (for
2DEG only) at different Np for Structures A and B.

The explanation of such a change needs an insight
into the 2DEG. The bottom energy of the quantum
well E, and 2DEG energy levels are shown in Fig.4 for
both the structures. The donor density 6x10'® cm™3
is found to be a turning point for Structure A. When
Np is lower than 6x10'® cm—3,

of E., or the depth of the quantum well increases

the absolute value

with Np, though such an increase is not considerable
when Np > 3 x 10 cm™3. And there exist three
2DEG energy levels, all of which shift downward as
the quantum well is deeper. When Np is higher than
6x10'% cm

the 2DEG energy levels, whose number reduces to two,

=3, the quantum well turns shallower, and

shift upward. This is consistent with the decrease of
Nsop. A comparison between the electron densities
in the barrier at Np=6x10'® cm ™3 and 7x10® cm—3
shows that n; and nop are lower, but nzp is higher for
the latter.

So when Np increases, the quantum well accumu-
lates more and more electrons supplied by the barrier
donor and the 2DEG density rises.

ergy band depression in the barrier, caused by the in-

But once the en-
crease of Np, reaches a ‘threshold’, electrons start to
populate the barrier as bulk electrons. The electron
accumulation and confinement of the quantum well
are weakened, the 2DEG density falls but bulk elec-
tron density rises, and the three-dimensional property
of the whole electron system turns prominent. This is

consistent with the change of ry and rop.
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Fig.4. The lowest conduction band energy of the

channel E., and 2DEG energy levels E; at different
Np for both Structures A and B. The open-symbol
lines are for Structure A and the solid-symbol lines

are for Structure B.

In Structure B, Ny and Ngp both increase in the
whole range of donor density. When Ny, is higher than
3x10'® cm™3, the number of 2DEG energy levels Ng,
changes from 3 to 4, so the quantum well is deeper, the
2DEG energy range is larger and the electron density
higher. When Np is higher than 8x10'® cm™3, the
increase of Ngop slows down and correspondingly N,
reduces from 4 to 3. So the 2DEG in Structure B is
also affected by the electron population in the barrier
at high donor densities, but it keeps an efficient ab-
sorption of the electrons supplied by the barrier donor.

Altogether, when donor density increases, the
2DEG in Structure B has a better stability than in
Structure A. It absorbs the electrons from donor ef-
ficiently and keeps a small spatial extension, so the
influence of alloy disorder scattering on its mobility
is relatively weak. Moreover, the resistance to BPC
is stronger in Structure B. All these result from the

larger effective AFE..
3.2. Effect of temperature

The calculations at different temperatures with

Np=5x10"® cm~3 are shown in Fig.5 and Fig.6. Fig-
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ure 5 presents rop, 7y, Ngop and Ny Figure 6 presents
E, and 2DEG energy levels. As for the effect of tem-
perature on 2DEG in nitride hetero-structures, some
relevant studies have been carried out.”) The simi-
lar model here gives the similar results, which reflect
the commonness in the temperature dependence of
electron systems in the two structures. As temper-
ature rises, band gaps become smaller, so are conduc-
tion band offsets at hetero-interfaces. The quantum
well is shallower as shown by E., in Fig.6, and the
2DEG density decreases. The strain is larger because
of thermal expansion of the lattice, which alleviates
the above tendency partially. The bulk electron den-
sity increases with temperature for N, is proportional
to T2/3. But it is noted that the 2DEG stabilities are

different between Structures A and B.
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Fig.5. Ngt, Ngop, r¢ and rop at different tempera-
tures for Structures A and B.
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Fig.6. E.}, and E; at different Np for both Structures
A and B. The open-symbol lines are for Structure A

and the solid-symbol lines are for Structure B.

In Structure A, the number of 2DEG energy levels
Ng, reduces gradually from 5 at 50K to 2 at 500 K,
and the reduction rate of Nyop becomes larger at the
temperatures where Ng, changes. When Ng, changes
from 50K to 100K and from 150K to 200 K, Ng, re-

duces as a result of shallower quantum well. But rsp

and r; are equal in the former case while different in
the latter case, implying the presence of bulk electrons
in the barrier. Figure 7 presents the electron densities
Bulk elec-
trons do appear as the major part of n; at the depths
of 15nm-20 nm from 150K to 200 K, though the den-
sity is low (107 cm ™3 at 200 K). From 200K to 450 K,

thermal activation of carriers is enhanced. Though

in the barrier at different temperatures.

Ng, stays constant, smaller AE, and shallower quan-
tum well result in more penetration of 2DEG into the
barrier, thus rop increases. The bulk electron density
grows higher throughout the structure, and the dif-
ference between ry and rop is larger. The changes of
Ngop and rop are greatest from 450K to 500 K, and

in the barrier ny and nsp are lower, but nzp is higher.

Electron density/10'%cm™3

Fig.7. ng in the barrier of Structure A at the tem-
peratures where the number of 2DEG energy levels
changes. ngp shows the composition of nt.

While in Structure B, Ng, changes from 4 to 3
at 300 K only, the reduction rate of Ngop is larger at
this temperature, but smaller than that of Structure
A when T >150K (also the temperature where Ng;,
changes from 4 to 3). ry and ryp stay below 2% all
along, which implies neglectable barrier penetration
of 2DEG and the absence of BPC.

So the influence of bulk electrons is greater, the
penetration of 2DEG into the barrier is larger and the
BPC is more easily activated thermally in Structure
A. Correspondingly, the two-dimensional property of
the electron system is more prominent in Structure B
and the 2DEG stability is also higher in Structure B in
the considered temperature range, which should also
be ascribed to the larger effective AFE..

4. Experimental results

The reported experimental results of paral-
in the

mostly involved with the magnetic-field-dependent or

lel conduction GaN-based structures are
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temperature-dependent Hall effects.[8! In these exper-
iments the spatial distribution of the parallel conduc-
tion cannot be determined. While a widely-used sim-
ple method to show the carrier density vs depth profile
in a semiconductor hetero-structure is the Schottky
C — V characteristics,® which is chosen to test our
calculations. And only the effect of temperature is
evaluated.

From some published Hall data of GaN-based
hetero-structures,1%11 the Hall electron density rises
with temperature, so the total electron density is
higher. Based on the above calculations, when tem-
perature is higher, the 2DEG density will be lower,
the electron density for parallel conduction will be
higher. And the structure with a higher 2DEG density
at room temperature will show a lower temperature-
activated parallel conduction or electron density out-
side the channel.

Two hetero-structure samples of Structures A and
B are grown on sapphire by the MOCVD technique,
and they are made Schottky diodes. For the diodes the
Schottky contact is a circle with a diameter of 120um,
and the ohmic contact is the ring concentric with the
circle. The details of material growing and diode pro-
cessing are similar to those in Ref.[12]. The C — V
characteristics are measured at 100 kHz by Keithley
590 C — V analyser. A Westbond K1200D hot plate
is used to heat the samples. The temperature ranges

from 293.5 K to 473.5 K with 25 K/step above 323.5 K.

25} —&—293.5K
AIN/GaN - —&— 323.5K to 473.5K
interface IE 1 25K /step
20F or -— o
7 AlGaN/GaN 2
. >
é 15} interface 20 01l ©
a
-?1 23
= 21
5
4
1
34

Fig.8. The C'—V carrier density profiles at 293.5K for
two diodes on Structures A and B respectively. The
hetero-interface is set at 22.7nm in depth. The in-
set shows the change of the carrier distribution in the

barrier layer with temperature for Structure A.

Figure 8 shows the carrier density profiles of two
diodes on Structures A and B at 293.5 K. The car-
rier density peaks at almost the same depth, but the

peak density is higher in Structure B. The difference
between peak densities agrees with an early observa-
tion of Hg-probe.[*3! For a convenient comparison be-
tween Structures A and B, the AIN/GaN interface for
Structure B and AlGaN/GaN interface for Structure
A are both set at 22.7nm in depth. The inset shows
the carrier distribution in the barrier layer at different
temperatures for Structure A, and it is obvious that
the carrier density increases with temperature. The

similar tendency is observed in Structure B.
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Fig.9. The temperature-dependent carrier sheet den-

sity integrated by Ncy profiles. Ngop is integrated

from 22.7 nm to 26 nm in depth, and Ngparrier is from

the detectable depth in the barrier layer to 22.7 nm.

To compare with the calculations shown in Fig.5,
a rough evaluation is taken by integrating N., pro-
files for the measured Ngop from 22.7nm to 26 nm in
depth, and for Ngparrier from the detectable depth in
the barrier layer to 22.7nm. The results are shown
For both the structures, Ngp falls but

Niparrier rises. While in the considered temperature

in Fig.9.

range Ngopp is always higher than Ngopa, and their
difference increases from 1.1389%10'2 cm~2 at 293.5 K
to 1.3636x10'2 cn—2 at 473.5K. And in spite of the
fluctuation of Ngparrier caused by the change of the de-
tectable depth in the barrier layer with temperature,
generally Ngparrier,B 1s lower than Ngparrier,a. All these
are in good agreement with our calculations, and show

the thermally activated parallel conduction.
5. Conclusions

In nitride-based hetero-structures, increasing the
donor density in the barrier layer helps enhance the
2DEG density, but it makes possible the presence of
barrier parallel conduction. The thermal activation of
carriers, as temperature increases, enhances the three-
dimensional property of the whole electron system,
and the 2DEG degenerates. The self-consistent solv-
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ing of one-dimensional Schrodinger—Poisson equations
is carried out to investigate the electron systems in Al-
GaN/AIN/GaN and AlGaN/GaN structures from the
points of view of increasing both donor density and
temperature. It is revealed that as a result of larger ef-
fective AE,, in the former structure the quantum well
is deeper and the energy band in the barrier is higher.
So the 2DEG absorbs the electrons from donor ion-

ization/thermal activation efficiently in quite a large

range of donor density/temperature, keeps high elec-
tron density and small spatial extension, and thus
2DEG mobility deteriorates more slowly. Meanwhile,
the A1GaN/AIN/GaN structure features stronger re-
sistance to barrier parallel conduction. The C' — V
carrier density profiles are measured at different tem-
peratures for two considered structures and present an

experimental proof for our calculations.
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