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This paper deduces the expression of the Schottky contact capacitance of AlGaN/AIN/GaN high electron mobility

transistors (HEMTSs), which will help to understand the electron depleting process. Some material parameters related

with capacitance—voltage profiling are given in the expression. Detailed analysis of the forward-biased capacitance has
been carried on. The gate capacitance of undoped AlGaN/AIN/GaN HEMT will fall under forward bias. If a rising
profile is obviously observed, the donor-like impurity or trap is possibly introduced in the barrier.
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1. Introduction

High electron mobility transistor (HEMT) with
AlGaN/AIN/GaN heterostructures has been adopted
recently due to its high two-dimensional electron
gas (2DEG) density.'=3] Many technologies are ap-
plied on the analysis of these new heterostructures.
The capacitance-voltage (C-V) technology is a well-
developed tool for investigating the carrier distribu-
tion in the material. The sheet carrier concentration
of 2DEG can be deduced from the CV profiling.[*~©!
The related trap information in the material can be
obtained from the varied frequency CV profiling.[>—#!
An appropriate fit of CV profiling will help to analyse
the influence on CV profiling with varied factors.!9—11]
The potential problem can be fed back to improve the
related arts.

The calculations of gate capacitance of GaAs
HEMT have been developed in Ref. [12]. We try to de-
duce the expression of Schottky contact capacitance of
the AlGaN/AIN/GaN HEMT based on their method,
and investigate the physical process of CV profiling
formation in this paper. Combined with the capaci-
tance expression, the physical process of the CV pro-
filing formation is analysed, especially the forward-
biased CV profiling. The CV profiling reflects the

dynamic process of the depletion region in epilayer.
From CV profiling, we can estimate the potential
problem in each layer, which will help to generally
understand the material and electric characteristics of
HEMT.

2. Calculation of the gate capac-
itance for AlGaN/AIN/GaN
HEMTSs

Figure 1 is the schematic diagram of the struc-
ture and charge distribution of Al1GaN/AIN/GaN epi-
layers, where oa1n and oajgan are the densities of the
polarisation induced charge at AIN/GaN interface and
AlGaN surface, respectively, osurtace is the charge den-
sity at AlGaN surface, oopgg is the charge density of
2DEG, Osubstrate 1S the charge density in the substrate.
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Fig. 1. Schematic diagram of the structure and charge
distribution of AlGaN/AIN/GaN epilayers.

According to the electrostatic neutrality:*!
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Osurface — OAlGaN T OAlGaN T OAIN — OAIN

—O02DEG — Osubstrate — Oa

which reduces to

Osurface = O2DEG T Osubstrate- (1)

The charge at the metal-semiconductor (M-S) inter-

Qs = Osurface —
qNs + Tsubstrate, Where ng is the sheet carrier density
of 2DEG.

So the capacitance per unit area between the gate

face can be expressed as follows:

and source is given by

_dQs  dng

do substrate
= _ 2
v, q v, (2)

Cs
dVg

If the impurity charge density in the substrate is
not the function of the gate voltage (Vy), or there is
no impurity charge in the substrate, Eq. (2) reduced

to

_ dQs _ dng
—av,  fay,

Cy (3)

The two main sources of 2DEG in GaN HEMT
with AIN interlayer are as follows: (1) donors from the
doped AlGaN layer; (2) polarisation induced charge.
Now the unintentional doped AlGaN structures are
widely adopted in the lab, thus, 2DEG almost comes
from the polarisation induced charge. Although the
resident electron in AlGaN layer is few in comparison
with the polarisation induced charge, it is necessary
to take the resident electron into consideration during
the solution, in order to find out the detailed relation
between them.

Figure 2 is the energy band of AlGaN/AIN/GaN
HEMT. The basic physical parameters in Fig. 2 are
as follows: Schottky barrier height (én), gate volt-
age (Vg), electric quantity (g), conduction band (E.),
valence band (E, ), conduction band-edge discontinu-
ity between AIN and GaN (¢AE,; ), conduction band-
edge discontinuity between AIN and AlGaN (¢AE.s),
the Fermi level height above GaN conduction band-
edge at the heterointerface (¢Eg), the Fermi level
(¢Erp), the thickness of AIN and AlGaN (dj, da, re-
spectively). We set the interface between AlGaN and
AIN as origin and set the subscript (1, 2 and 3) to
mark materials (AIN, AlGaN and GaN) for conve-

nience.

—ds 0d1

Fig. 2. Energy band of Al1GaN/AIN/GaN HEMT.

At x = d;, the Gauss law leads to the following
equality:

e3li3 = qng — qN, W, (4)

where €3 is the dielectric constant of GaN, Ej3 is the
electric field at heterointerface in the GalN side, Ny
is ionised resident electron concentration in GaN ma-
terial, and W is the width of the depletion layer for
resident electron.

If we just consider the influence of resident elec-
tron (Np) in AlGaN on 2DEG, we can obtain the re-
lation between ng and Ng. We begin to calculate ng
following Delagebeaudeuf’s method. 2]

The AIN layer is very thin, usually 1-2 nm. A
reasonable premise is brought forward to simplify the
solution. We suppose that the background electron
concentration is zero in AIN material, so it is easy to
learn that the electric field F; in AIN is a constant,
which is obtained from the Poisson equation.

We set the potential in AlGaN as Va(x), and ob-

tain

dVa(z)
= —Fj, 5
@ |, 2 ()
from the Poisson equation:
d?Va(z) _ _qNB (6)
d332 130} ’

where €5 is the dielectric constant of AlGaN, and Ej,
is the electric field at £ = 0 near the AlGaN side.
Then an equation can be found from the integration
of Eq. (6), and is given by

dVa(z) qNpx

& T TR, ™)
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We set the potential at x = 0 as the reference
potential, that is V5(0) = 0, so we can obtain the
equation:

/_d2 dV§($>dm = Va(=d2) = V2(0) = Val=d2)
0 x

- W ®)

Note that the potential of conduction band at
r = —ds is actually lower than that at x = 0, so

Vo = [Va(—d2) — Va(0)| = —Va(—da),

where V5 is an absolute value, marked in Fig. 2.
Another equation can be found by integrating
Eq. (7), and is given by

—2 qV,(x) qd3Ng
dz = Eipdy — =22 9
/0 dx * 22 252 ( )
We will get
d2N,
Vo = Xe'B _ Eiody (10)
262

from Egs. (8) and (9).
According to Gauss law, we obtain

1By = ea By = e3F;3, (11)

where ¢7 is the dielectric constant in AIN.
The following relations can be found from Fig. 2:

AEq — Vi =¢m — Vg + Er, (12)
and
AEq + AV =V = Vs, (13)
where
AV =g E (14)

is the voltage on AIN.
The sheet carrier concentration follows from
Egs. (4), (10)—(14):

1
ny = =1 (v g~ Be+ AE
i, &

€1 €2
qNgd3

€2

_AEC2 +

) + N, W. (15)

If the polarisation induced charge is taken into
account, Eq. (15) will be supplemented as

1
ng = 1/ql<Vg—¢M — Er + AE; — AEq
(S
OAIN | OAlGaN | qNpd3
NyW, 16
+ 01 02 282 TN ( )

with Cl = 61/d1 and 02 = 62/d2.
The capacitance per unit area of Schottky barrier
can be deduced from Eq. (3), and is given by

dEF d0'1 d0'2 )

T 1\ @ oy, Gy,
e
aw AN,
NS S 17
v+ W) an)

with

qEr = qEpo — E. = ﬂln (no)?

q Ne
where ng is the electron concentration at heterointer-
face, and N, is the effective density of states in the
GaN conduction band.

charge has no relation with gate voltage, Eq. (17) re-

If the polarisation induced

duces to
-1
oo (L (T i)
Cl CQ q dVg
dw dNy
Np— — . 1
+q< deg+WdVIg) (18)

3. Discussion

3.1. Analysis of the physical process for
the reverse-biased CV profiling

According to the formation process of CV pro-
filing, we define the curve nodes (A, B, C' and D)
in Fig. 3. The CV profiling is given by Atlas device
simulation. The structure adopted in simulation is the
same as the practical device, and some parameters are
as follows: the thickness of AlGaN layer 13 nm (the
remanent thickness after etching), AIN layer 1 nm,
high mobility GaN layer 100 nm, high resistance GaN
layer 1.5 um. The detailed discussion on the process
is combined with the expression Eq. (18).
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Fig. 3. Simulated CV profiling.
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At gate zero-biased condition (point A), Fermi
level at heterointerface is upon conduction (Fig. 2).
The background donor impurity would not nearly
ionise, that is V,= 0, because of the tremendous elec-
tron concentration at heterointerface, the change of
no under reverse-biased condition is very small. So
Eq. (18) can be reduced to

-1
a-(2ed)
The capacitance reflects the thickness of the effec-
tive barrier. If the flat capacitance is too large, that
is the effective barrier is too thin, we may think that
the gate recess is over etched or the gate metal sinking
happened without regard to the influence of trap. If
we take the trap into consideration, the fringe capac-
itance may be responsible for the phenomenon. (%!
The minus voltage begins to apply on the gate,
corresponding to section A to section B. The change
of electron concentration at heterointerface can not be
ignored now. So Eq. (18) can be reduced to

-1
Cy = (1 + 1) (1 - deln(nO)). (20)
Cl CQ q dVg

We can convert Eq. (20) to another useful ex-
pression: Cs5 = &./(dy + da + Ad), where g, is the
equivalent dielectric constant in barrier, Ad = (¢ /q) -
(dEw/dnsg) is the effective channel distance. The de-
crease of capacitance is due to the modulation of chan-
nel extending. According to depletion model, the de-
pletion area is extending from heterointerface to GaN
high mobility layer.

Point B is a key point. When it comes to point B,
the electron concentration decreases to ~ 106 cm™3,
which is almost the same as the background level. The
2DEG is nearly depleted, and the depletion region is
pushed to the bottom of the effective channel. At
point B, 2DEG will ideally reduce to zero, so the ca-
pacitance will certainly reduce to zero. If we calculate
the first-order differential of the capacitance, an infi-
nite value will appear at point B. But due to the influ-
ence of the background concentration, the capacitance
remains to nonzero value. At this moment, a maxi-
mum value will appear at point B for the first-order
differential, and zero for the second-order differential.
Obviously, point B is the inflexion of the ideal capac-
itance. We can also find that the threshold voltage is
almost equal to the inflexion voltage.

The resident electron begins to ionise after point
B in negative direction and the last two terms of

Eq. (18) will react, that is

Cy = (1 + 1) - (1 - deln(m))
Cl 02 q dVg
+q<ij‘VZ +W((iﬂj\/§) (21)

Analysing Eq. (18) qualitatively, we can know
that the smaller V, is, the wider the depletion re-
gion is, that is dW/dV, < 0 and the smaller V is,
the more the ionised background impurity is, that is
dNy,/dVg < 0. The equation indicates that the capac-
itance change rate has related to the material back-
ground concentration.

The depletion region is extending from the bot-
tom of the effective channel to the high resistance
layer, so the steep curve from B to C' reflects the low
electron concentration and the low leakage from the
high mobility layer to the high resistance layer.

When it comes to point C, the electron concentra-
tion decreases to a lower level about 10'® cm™2. The
current is almost completely pinched off, and point C'
is actually pinch-off voltage. The depletion region is
extending to the interface of high mobility layer and
the high resistance layer or even in the high resistance
layer.

After point C, the capacitance is very small, and
The edge of the depletion
region will go deep into the high resistance layer. Be-

the curve changes little.

cause the free electron concentration is very low in the
high resistance, the vertical width of depletion region
will keep constant ideally, that is dW /dV, = 0. And
the depletion region will extend horizontally.['®) The
capacitance will be given by

/11N kT dln(ng)
c=(&+a) (-7

vy’

(22)

where N/ is the ionised background electron concen-
tration in high resistance layer.

3.2. Analysis of the physical process for
the forward-biased CV profiling

A few papers have suggested that the forward-
biased CV profiling has some relation with the barrier
material.[¥ Under forward-biased conditions, we ob-
serve that there is rise or fall phenomenon of gate ca-
pacitance, presented in different papers and our mea-
In order to learn the ideal CV profil-
ing under forward-biased condition, we carry on some

surements.
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analogy from the conclusion of AlGaAs/GaAs HEMT,  nomenon under forward-biased condition is observed
which will give us a basic judgment. on both figures said above, where the rising part is

Early in 1985, Moloney et al.'® and Norris et
al.l®! had given a detailed decomposition chart of CV
characteristics of AlGaAs/GaAs HEMT, which indi-
cated each contribution of electron, hole, donor and
acceptor to CV profiling. Refer to Fig. 2 in Ref. [16] €t al." had deduced the following gate capacitance
and Fig. 1 in Ref. [9] for details. The risen phe-  expression of GaAs HEMT:

caused by donors in AlGaAs, while the falling part is
caused by 2DEG. And the influence of free electron

and acceptor on capacitance is little. AbdelRassoul

| ald—di)
C _ q2nS qND % 82]{1 o 1
- _ _ /! V/ !/ Vv
E(=d)esk. — E(=d) 1+ 2exp Ve Ve 1+ 2exp Ve —Va
VT VT
11 (d—di)
+ ch 1 o Egk‘a;
E(— Vi — V4 V! -V,
(=d) 0.27 + exp A B ] 0.27 +exp [ 2—C
VT VT
Refer to Ref. [17] for detailed meanings of pa- ‘lead to the increase of electron in the barrier layer

rameters. We can make out that the second term of  which is supplied by donors, inducing the state of two
the expression said above reflects the contribution of  capacitors (C; and Cs) in series as shown in Fig. 4.
the donor, which is consistent with the decomposition =~ The 2DEG will go saturation with the increasing gate
chart. voltage, and finally the second capacitor (Cs) will cut

The equivalent circuit diagram (Fig. 4) under  no ice. The increased V, will lead to increase elec-
forward bias is provided by Moloney et al,['9l with  tron in the barrier layer. Therefore the capacitance
Cy and Cy being equivalent barrier capacitance, Gi  will rise because of a narrower distance of the capaci-
and G2 being the leakage conductance and R be-  tor Cp. If the barrier layer is not doped, the electron
ing the resistance of doped area. In theory, if V; < 0,  supplied by donors could not make up the increased
potential, thus high density electron would not appear
in the barrier layer, and certainly the capacitance will
fall because of the saturated 2DEG.

However, CV profiling reflects the distribution of

electron concentration, other than the distribution of
doping. If the considerable electron from the tail of
2DEG distribution piles into the barrier layer, the ca-

pacitance will also slightly ascend.

Hence, the main reason of the rising capacitance
under forward bias is the heavily doped barrier layer.
At the same time, the considerable electron tails of
2DEG in the barrier also lead to a slight rise. On
the contrary, if the barrier layer is not intentionally

doped, and few electron enters the barrier layer, the
gate capacitance under forward-biased application will

S fall ideally.

Guo et all' had carried on the energy band
simulation about AlGaN/GaN HEMT, including the
structure with AIN interlayer, and obtained some use-

Fig. 4. Equivalent circuit diagram of GaAs/AlGaAs
HEMT under forward-biased condition (from Ref. [16]).

the barrier layer is depleted, so it can be regarded as  ful data. Refer to Fig. 2 and Table 1 in Ref. [14]
a flat capacitor; if V; > 0, and at the same time the  for details. As is shown in the table, the electron
barrier layer is heavily doped, the increase of V; will  concentration in the barrier with AIN interlayer is
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only 4.8% of the whole electron, but 13.3% without
AIN interlayer. We may suppose that the uninten-
tionally doped AlGaN/GaN HEMT gate capacitance
is likely to rise slightly under forward-biased applica-
tion. The rising part of the capacitance will lead to
the small drop section beyond the peak towards M-S
interface in electron distribution profiling. The spec-
ulation is agreed with the measurement reported by
Jang et al.'® However, the low concentration electron
in the barrier with AIN interlayer can not produce the
considerable capacitance when gate is forward-biased.
Thus the capacitance will fall under forward-biased
condition, which corresponds to the single-side peak
electron distribution in electron distribution profiling.
If a rising capacitance is observed obviously in this sit-
uation, it is likely that some uncertain factors bring in
donor-like impurities in AlGaN or AIN layer, includ-
ing the material grow process or the Inductive Couple
Plasmas etch process.

We use LCR metre to measure CV characteris-
tics of Schottky contacts. The structure of epilayers
The diameter of Schottky con-
tact is 150 um. The measurement conditions of LCR

is given as Fig. 1.

metre are as follows: frequency (100 kHz, 1 MHz),
level=0.1 V. The measured data is given by Fig. 5.

120
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Fig. 5. The CV profiling with variable frequencies for
Schottky contact.

We can obtain some informations from Fig. 5:

(i) Under forward bias, the gate capacitance will
rise under low frequency measurement, and fall under
high frequency measurement, which reflects that the
electron in AIN or AlGaN layer is affected by the cap-
ture of traps, and the trapped electron has different
responses to AC signal.

(ii) There is larger frequency dispersion on capaci-
tance under forward bias than that under reverse bias,
which reflects a higher trap density in the barrier than
in GaN layer.

4. Conclusion

The gate CV relationship of GaN HEMT with
AIN interlayer is calculated in this paper. The CV
expression will help to analyse the physical process
of CV profiling. The process can be separated into
several sub-processes, which correspond to the evo-
lution of depletion region edge in each epilayer un-
der bias. Some material parameters related with
each sub-process are given in the simplified expres-
sion. From the conclusion of reported researches on
forward-biased CV profiling, we believe the gate ca-
pacitance of unintentionally doped GaN HEMT with
AIN interlayer will fall under forward bias. If the ca-
pacitance rises obviously, it is likely that the donor-like
impurities or traps occurred in the barrier layer. The
experimental data agrees with our analysis.
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