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Using depletion approximation theory and introducing acceptor defects which can characterize radiation induced
deep-level defects in AlGaN/GaN heterostructures, we set up a radiation damage model of AlGaN/GaN high elec-

tron mobility transistor (HEMT) to separately simulate the effects of several main radiation damage mechanisms and

the complete radiation damage effect simultaneously considering the degradation in mobility. Our calculated results,

consistent with the experimental results, indicate that thin AlGaN barrier layer, high Al content and high doping con-
centration are favourable for restraining the shifts of threshold voltage in the AlGaN/GaN HEMT; when the acceptor
concentration induced is less than 10'4cm™3, the shifts in threshold voltage are not obvious; only when the acceptor

concentration induced is higher than 1016cm =3, will the shifts of threshold voltage remarkably increase; the increase of

threshold voltage, resulting from radiation induced acceptor, mainly contributes to the degradation in drain saturation

current of the current—voltage (I-V') characteristic, but has no effect on the transconductance in the saturation area.
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1. Introduction

In general, it is well known that radiation can in-
duce both donor defects and acceptor defects in semi-
conductor materials.!=3] The deep acceptor centre
will result in compensation in n type material, while
the deep donor centre will do so in p type material.
Therefore, regardless of whether the material has n or
p type conduction originally, its electrical resistivity
will inevitably increase after it is irradiated, unless by
a very low radiation dose. The deep donor centre in n
type material and the deep acceptor centre in p type
material both hardly have an effect on conductive elec-
trons, because their ionization energies are too high to
contribute free electrons.

Most GaN materials grown by using the metal-
organic chemical vapour deposition (MOCVD) tech-
nology possess n-type conduction, and so does the

AlGaN in the modulated doped AlGaN/GaN het-
erostructures, consequently, the radiation induced de-
fects in these materials and structures are primarily
deep acceptor defects. The GaN buffer, acting as the
conductive channel in the AlGaN/GaN heterostruc-
tures, is generally of n type or weak n type, hence
only the deep donor state in this material is of real use.
Even though an intrinsic GaN layer can be achieved in
the ideal technological condition, the Fermi level in it
will approach to the conduction band of GaN near the
heterojunction, due to the n type modulated doping,
the big polarization electrical field and the conduction
band offset. In other words, the surface of the GaN
near the interface of the heterojunction is inversed, so
only the acceptor state defect could remove the charge
carrier and all these induced defects will reduce the
conductivity of the material, i.e. make the material
more intrinsic, and the two dimensional electron gas
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(2DEG) concentration in the heterostructures, result-
ing in the retarding current. For these reasons, we
study the radiation induced acceptor defects in the
present paper for a good understanding of the micro-
mechanism of the radiation damage in AlGaN/GaN
high electron mobility transistor (HEMT).
Concerning the electrical character of Al-
GaN/GaN HEMT, the radiation induced acceptor de-
fects will produce two basic radiation effects, i.e. the
effective doping concentration variation in each layer
of the structure which results from the removing of
current carrier and the degradation of mobility which
originates from the scattering centre of additional de-
fects. Moreover, it will also cause threshold voltage
shifts, the decrease of drain current and transconduc-
tance, as well as the increase of parasitic resistance
Since the 2DEG in the

AlGaN/GaN heterostructure is localized in a small

between source and drain.

region (in a thick range of 0.5-2nm) and it is close
to the heterojunction, which is regarded as a charac-
teristic of the 2DEG distribution in the AlGaN/GaN
HEMT, even though the concentration of the radia-
tion induced defects in GaN is as high as 10’7 cm™3,
assuming the defect distribution is uniform, the ef-
fective areal density of charged defects in the chan-
nel that could cause the mobility degeneration is only
about 10 cm~2, whose effect is weaker than that of
a low interface state density of 10'! cm~2. Therefore,
the effect of the channel charged defects on the mobil-
ity radiation degeneration can be integrated into the
scattering effect of the effective interface state charge.
In our model, the damage effect which can cause the
threshold voltage shifts is primarily regarded as the
essential one, and then the threshold voltage shifts
can further lead to the reduction in drain current and
transconductance.

2. Threshold voltage shift model

with depletion approximation

Threshold voltage is an important electrical pa-
rameter in the electronic devices. In the present pa-
per, we construct a model where the effect of ra-
diation induced acceptor on the threshold voltage
of AlGaN/GaN HEMT is described, by referring to
the method used to analyse the depletion layer in
the charge control model of depletion approximation,
constructed by Krantz and Bloss for AlGaAs/GaAs
HEMT.H

When a device turns on at a threshold voltage, in
general, the effect of the acceptor defects introduced in
the AlGaN layer is to reduce the effective doping con-
centration in the barrier region, however the effect of
the acceptor defects induced in the GaN channel is to
change the depletion width and the conduction shape
on the side of GaN channel. Nevertheless both effects
ultimately cause the AlGaN/GaN HEMT threshold
voltage shifts.

On the assumption that after radiation, a num-
ber of acceptor defects with a concentration of N,
are induced, and under the GaN depletion approxi-
mation condition, using the charge control principle,
the threshold voltage shift model can be established
by solving the Poisson equation near heterojunction
interface when the device turns on under the thresh-
old voltage condition.

Adopted in the device model to be analysed is
the normal AlGaN/GaN HEMT structure, which has
a classic AlGaN/GaN heterojunction, a Schottky bar-
rier at the gate, and an isolating layer at the inter-
face. Its energy band structure under bias is shown in
Fig.1, where dg4, d; and W are the thickness of dop-
ing AlGaN, the space isolating region and the deple-
tion layer respectively, Ng is the doping concentration
of the AlGaN potential barrier, @, AEc, E; and
dpuik denote the Schottky barrier height, the offset of
the conduction band, the GaN band gap and the GaN
bulk barrier respectively. The dielectric constants of
GaN and AlGaN in our analysis are 9.5¢5 and 9.35¢¢
respectively, and the intentional doping concentration
of GaN buffer is assumed to be zero for the conve-

nience of calculation.

++
*va + Nth

»
Pouik+FEg/2

_ n-AlGaN 1EF

dg w

il - >

Fig.1. Energy band structure of AlGaN/GaN HEMT,
used to calculate threshold voltage, affected by radiation
induced acceptor.
Firstly, under the charge equilibrium condition,
when a threshold voltage is achieved, the Poisson
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equation concerning the gate voltage and the charge
density in the doping AlGaN layer, the spacer and the

|

va :(Pms(m) — AEC — Eg/2 — dsbulk —

GaN depletion layer pq, pa, and py can be established
as follows:

Opol

(da + d;)
€AlGaN

dd dd+di
— (1/ea1Gan) / Pd'Z'dZ—/ pa-z-dz
0 dq

(WHda+d;)

~ (4/ecan) - /d .

where opo1 is the sheet (area) density of polariza-
tion charge at AlGaN/GaN heterojunction interface.
Assuming that all of the defects induced in the Al-
GaN/GaN heterostructure by radiation are the uni-
formly distributed acceptor defects, the charge density
pa of AlGaN layer is given by the difference between
donor density and radiation induced acceptor density,
i.e. ¢(Nq — N,). The spacer charge density p, equals
the negative acceptor density —qN,. Owing to the
threshold voltage condition, the GaN charge density
pw 18 dominated by the charge in the depletion layer,
—qN,. Consequently, the last item in expression (1)
represents the band bending in GaN dominated by the
charge in the depletion layer.

By dint of Fig.1, the band bending in GaN is given
by the following expression:

dvb = Eg/2 4+ Pouix — Er, (2)

where Ep is the difference in electrical potential be-
tween the 2DEG channel bottom and the Fermi level.
Under the depletion approximation condition, by in-
tegrating Poisson equation the threshold voltage ex-
pression can be obtained as

Vih = Pms — AE‘C — Ep — (ngi/QgAlGaN) . [Nd - Na}
+ (Q/EGaN) - N, W (dd + dl)
- (O—pol/gAlGaN) (dd + dl) . (3)

The items containing d;/dq and dgq/W have been
ignored in expression (3) above. Under the threshold
voltage condition and in the single sub-band trian-
gle potential trap approximation, Er is related to the

Pw 'Z'dZ, (1)

channel charge density n¢y, by the following expression:
Ep = — (kT'/q) In [rh®ngn /mkT)

— (9R2/8my) (4gNaWmi/R2zcan ),
(4)

where k, T, q and h are the Boltzmann constant, the
temperature, the quantity of electron charge, and the
Plank constant respectively, and my is the transverse
effective mass of carrier.

In order to use the physical constant, the HEMT
geometric parameter and the doping density to eval-
uate the threshold voltage, the relation among the
channel charge ngy, the depletion layer width W and
N, needs to be established under the threshold voltage
condition.

When a device turns on at the threshold voltage,
letting the channel charge density equal the doping
density of the channel N, multiplied by the average
channel width z,ye, leads to the following expression:

Nep = 3N3/3/(4qth/h2€GaN) 3, (5)

The band bending ¢p, of GaN is obtained by
integrating the last item of expression (1) to be
(q/2eqan) NaW?2. Rearranging the terms on the right-
hand side of expression (2), we can obtain the deple-
tion width expressed as

W = { (4egan - Poui/qNa)

B 1/2
X [1 + (; — Ppuik — EF) /2¢bu1k:| } .

The bulk electrical potential of GaN is

(6)

Ppuik = (KT'/q) - In (Na/ni), (7)
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where the intrinsic carrier density n; is

- 3/2 e 3/4 .
ng = (2(2 kT) ( p n) )oexp ((] Eg>. (8)

h3 2kT

Except for the second item in the parentheses on
the right-hand side of expression (6), this depletion
layer width equals the strong inversion layer width
in the MOSFET threshold theory, where MOSFET
stands for metal oxide semiconductor field effect tran-
sistor, however, the evaluation from expressions (7)
and (8), shows that for the high acceptor density
(~10'7 ecm™3), the former is about 2% higher than the
latter, and for the acceptor density below 10'7 cm™3,
the former is about 18% higher than the later. When
the acceptor density is below 10'3 cm™2, the contri-
bution of depletion charge to the threshold voltage is
smaller than that of the other factors, and when the
density is high, the depletion width difference is small,
so the depletion width could be approximated to be

1/2

W =2{(ccankT/q*N,) - In (Na/n;) } (9)

From expression (9), the relation between depletion
width and radiation induced acceptor concentration
can be obtained, and the relationships among ny,, Er
and N, can be further obtained from expressions (4)
and (5). Substituting them into expression (3) we can
obtain the relation between threshold voltage and ac-
ceptor density N,.

3. Results and discussion

3.1. Effect of acceptor defect on HEMT
threshold voltage

Figure 2 shows the curve for the threshold volt-
age of Alg3Gap 7N /GaN HEMT with AlGaN doping
density Ng of 1x10'® em™3, of which the structure is
as shown in Fig.1 versus radiation induced acceptor
defects density N,. In calculation, the width of the
doping layer AlIGaN in HEMT is 150 A, the spacer
width d; is 30 A, and the GaN layer is assumed to
be semi-infinite. The results shows that the thresh-
old voltage positively shifts with the acceptor concen-
tration increasing, which means after introducing the
radiation induced defects, the 2DEG depletion volt-
age of HEMT falls down, which is consistent with the
experimental results!® obtained in the case where the
threshold voltage of AlGaN/GaN HEMT varies after
being irradiated, which demonstrates that the model

we have used here is reasonable. It is also shown that
when the acceptor concentration is below 1016 cm™3,
the threshold voltage shift is smaller than 0.36 V, with
the increase of acceptor concentration, the threshold
voltage shifts faster, resulting in the increase of the
interface electrical field, and accordingly the change
of the triangle potential trap shape. The electrical
field sign in the interface is inversed by the Schottky
potential barrier, so the net potential difference is re-
duced. Secondly, the increased interfacial electrical
potential can improve the quantization energy level of
the triangle potential trap. All these factors make the

threshold voltage increase correspondingly.

=561 Alp.3Gag.7N/GaN HEMT ]
I Ng=1x108cm~3 1
=58 g=150A T

| di=50A
z 00T r=300°C 1
= 6.2 1
—6.4 i
—6.6 .

1013 10114 10‘15 10‘16 10117
Np/cm™3

Fig.2. Effect of radiation induced acceptor on threshold
voltage.

For a low acceptor density, threshold voltage is
determined by the Fermi energy level determined by
the Schottky potential barrier, the conduction offset,
the polarization charge, the potential layer thickness,
the doping concentration and the channel charge, the
first quantum trap energy level, and the second term
of expression (4), and it is directly proportional to
gN W (dq + d;)/e in the depletion width expression,
which is close to zero when the acceptor defect density
is below 10 cm™3. With acceptor density increasing,
all of the nonconstant terms that can contribute to the
threshold voltage shift will increase.

As the depletion charge —qN,W increases with
the acceptor density increasing, the interface electri-
cal field is enhanced. The energy level in the two di-
mensional quantum trap increases as the 2/3 power of
depletion layer charges, and contributes to the thresh-
old voltage as well.

Figure 3 shows the difference in threshold volt-
age shift among the acceptor defects introduced into
different regions.
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Fig.3. Effect of uniformly induced acceptor defects intro-
duced into each layer of AlGaN/GaN on threshold voltage.

From the comparison among the threshold voltage
shifts when acceptor defects are introduced uniformly
into each layer, we can find that for single hetero-
junction of Al1GaN/GaN HEMT, the acceptor defects
introduced into the GaN layer primarily contribute to
the voltage shift, and only when the concentration is
very high, will the acceptor defects introduced into
the AlGaN layer have an effect on the voltage shift.
This result is consistent with the radiation experimen-
tal result of AlGaAs/GaAs HEMT in the same struc-
ture observed by Krantz et all®! This result implies
that in order to improve the radiation-harden level
for single heterojunction HEMT devices, it is neces-
sary to overcome the sensibility of channel to the in-
duced acceptor defects, and this aim can be achieved
in a single quantum well structure, i.e. double het-
erojunction structure, which has been confirmed by
the radiation experiment of GaAs single heterojunc-
[l Because the
additional energy level offset isolates the 2DEG from
GaN buffer in the single quantum HEMT, ie. Al-
GaN/GaN/AlGaN or AlGaN/InGaN/GaN structure,
and the potential well in this structure is similar to

tion and single quantum well HEMT.

the square potential well, which is insensitive to the
acceptor defects, the quantized energy level of this
structure is insensitive to the acceptor defect energy
level. Nawaz and Jensen have also found in their the-
oretical research that the threshold voltage shift of
AlGaAs—GaAs—AlGaAs single quantum well HEMT
is very small (about 0.1 V), when the acceptor doping
concentration increases from 103 to 1016 ¢cm=3.18

3.2. Effect of acceptor defects on HEMT
threshold voltage with different Al
compositions

In Al,,Ga;_,,N/GaN HEMT devices, the most
important device parameter that determines the

2DEG concentration is the Al composition in the bar-
rier layer. In Fig.4, the dependences of the threshold
voltage of HEMT's with three commonly used Al com-
positions on acceptor defect density have been given.

1 T T |/
AV =0.916V \‘m:0~1_
73 L
> ’_// )
< 0.919V.
S \-mzo.2
Al Gaj_,, N/GaN HEMT 1
=5 Nqg=1x10¥cm~3 y
dq=150A, d;=50A
L T=300°C 0.923V J
-7 1 1 1 " TTL?O:))
1013 104 1015 106 1047
N-d/cm’?’

Fig.4. Relations between threshold voltage of device and
the radiation induced acceptor defect concentration for
three different Al compositions.

The result shows that the threshold voltage shifts
of HEMTs with different Al compositions toward in-
creasing acceptor defect density are nearly the same
when m increases from 0.1 to 0.4. In other words, the
sensibilities of HEMT devices with different Al com-
positions to acceptor defect are the same, therefore
the increase of Al composition could not enhance the
effect of acceptor defects on the device threshold volt-
age shifts. So an Al composition as high as possible
can be adopted in order to improve Al,,Ga;_,,N/GaN
HEMT performance in device design.

3.3. Effect of Al1GaN barrier thickness on
relationship between threshold volt-
age and acceptor defect

The barrier thickness (dg+d;) of Al,,Gay_,,N/GaN
HEMT is another structure parameter as important as
Al composition in determining a 2DEG concentration.
Figure 5 shows the variations of threshold voltage with
acceptor defect concentration under different barrier
thicknesses. It is obvious that the thicker the barrier
is, the more the shifts of the threshold voltage will
be, and for the HEMTs with dq = 150 and 400 A, the
threshold voltage shifts are, respectively, 2.769 and
6.950 V within a calculated acceptor concentration
range (10 — 10 ¢m™3), which means the thin bar-
rier could restrain the threshold voltage shift to some
extent.

Figure 6 shows the curves for the variations of
threshold voltage with acceptor concentration under
different barrier spacer thicknesses. The thinner the
spacer is, the smaller the shift of threshold voltage
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caused by acceptor defects will be, which is similar to
the behaviours given in Fig.5. It can be explained as
follows: a thicker spacer will introduce more acceptor
defects into the barrier, thereby increasing the charge
areal density —qN,(dq+d;) that could affect threshold
voltage, and finally leading to a larger forward thresh-
old voltage shift.

4 _A10',3Ga0,7N/GaN HEMT '
Nq=1x10'8cm—3, d;=50 A K
L T=300°C g
da 150 A IPEL ARy
— 8 e mmemmmmm=m==T . -’.’
2, 300X sy
§: [ vannen B ALt o2
2504, e
—12F e, e A
300 A e
3504 ]
—16F |400 A,__I_,_____....-I..-----""'I , i
1013 1014 1015 1016 1017 1018
Na/cm™3

Fig.5. Curves for threshold voltage versus acceptor de-
fect concentration with different Al,, Gaj_,»N modulated
doping layer thicknesses.
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Fig.6. Curves for threshold voltage versus acceptor defect
concentration with different Al,,Ga;_,»N spacer thick-
nesses.

3.4. Effect of AlGaNN barrier doping con-
centration on relationship between
threshold voltage and acceptor de-
fect

The contribution of modulated doping concentra-
tion to 2DEG concentration in AlGaN/GaN HEMT
is different from that in traditional AlGAs/GaAs
HEMT. The latter primarily depends on doping con-
centration, while the former depends little on doping
when Al composition (m > 0.2) is a bit higher.

Figure 7 shows the curves for threshold voltage
shift versus acceptor concentration with different bar-
rier doping concentrations. It can be seen that the
variations of threshold voltage with radiation-induced
acceptor concentration have the same trends, no mat-
ter whether it is the HEMT only with polarity induced
2DEG (Ng4 = 0) or affected by modulated doping. The
absolute threshold voltage shifts of HEMTs with dif-
ferent modulated doping concentrations are also the
same (2.700 V) within the calculated acceptor con-
centration range, which means that the donor in the
barrier layer has no effect on the relationship between
threshold voltage shift and acceptor concentration.

[ — ;=10 A, Alg3Gag.7N/GaN HEMT
==+ di=20 4, Ng=1x10'8cm~3
=3[ ?:28%’ dg=150A
| == di= A _
—m di=50 A, T=300°C
> AT 73
~. i
E
S |
_6 i

-7 PEPIPETT B TR B R TPTT B W T B E AT TN
1013 1014 1015 1016 1017 1018

Irradiation induced defect density Na/crn_3

Fig.7. Curves for threshold voltage versus acceptor de-
fect concentration for different Al,,Gaj_,, N doping con-
centrations.

3.5. Drain current and transconductance
degradation

Based on the AlGaN/GaN HEMT I-V charac-
teristic model, the degradation effect of radiation in-
duced acceptor on HEMT I-V characteristic has been
investigated here. Figure 8 shows the effect of accep-
tor concentration on output characters, and for the
convenience of calculation, the output characters are
illustrated only in the case of Vg = 0. As can be
seen, the drain saturation current obviously decreases
with the increase in acceptor concentration, but only
a little in the linearity range.

Figure 9 shows the effect of radiation induced ac-
ceptor on the transfer characteristic and transconduc-
tance. It can be seen that with acceptor concentration
increasing, the transfer characteristic curves shift to-
ward the increasing of Vg, without obvious changes
in slop and transconductance extreme value. This re-
sult also illustrates that the transconductance is only
affected by carrier mobility, independent of threshold
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Fig.8. Effects of radiation induced acceptor concentra-
tion on the Al Gai—_, N/GaN HEMT output character,
with Vg = 0.
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Fig.9. Effects of radiation induced acceptor concentra-
tion on Al,,Gai—,nN/GaN HEMT transfer characteristic
and transconductance.

Concerning the long gate HEMT, the drain satu-
ration current, of which the saturation is caused by
drain pinch off, is generally given by the following

expression:!?!
(B
Id,sat - 5 (Vg - Vvth - Vb) ) (10)
where V) = Iqgea - Rs is the difference in voltage

across the parasitic series resistances of source and
drain nodes, and ( is given as

Ho * EGaN

B = (W/L)'m7

(11)
where i is the carrier mobility in GaN channel under
low electrical fields, egan and (dg + d;) are the dielec-
tric constant of GaN and the doping AlGaN thickness
respectively, Ad is the correction term including the

variation of Fermi energy level with 2DEG concentra-
tion in the interface of AlGaN/GaN,1% and W/L is
the width/length ratio of the device gate.

Expressions (10) and (11) evidently show that the
variation of radiation induced drain current is gov-
erned by the combination of threshold voltage, chan-
nel mobility, parasitic series source and drain resis-
tances, in other words, the radiation can cause not
only the saturation current to decrease, but also the
linear drain current to reduce in output characteristic,
which is the effect related to threshold shift, mobility
decrease, parasitic series source and drain resistance
increase, and these changes shall be embodied in the
curve translation and slope fall in the transfer charac-
teristic, as well as in the transconductance decrease.
Consequently, compared with the case where the I-V
characteristic variation is caused only by the threshold
voltage shift, it can be expected that the linear drain
current decrease, the slope fall in the transfer charac-
teristic curve and the transconductance decrease are
mainly due to the decrease in mobility and the increase
in parasitic series source and drain resistance induced
by radiation, and those micro-variations are related
to the increase of the radiation induced interface state
charge.

Te the model of radiation induced acceptor effect
is primarily based on the threshold voltage shift, and it
does not involve the mobility degradation effect. How-
ever, as one of the primary radiation effects, the radi-
ation degradation of threshold voltage involves contri-
butions of almost primary radiation mechanisms, such
as the radiation induced interface state charge , the
polarization charge variation and radiation-induced
deep level. Hence by using this degraded model, many
of the main radiation effects can be simulated and
analysed.

4. Summary

In summary, we have constructed a degradation
model of radiation induced acceptor defects for GaN-
based HEMTSs, which regards the introduced effective
acceptor defect as the radiation effect. The calculated
results show that with the increase in induced accep-
tor defect concentration, the threshold shifts toward
the increasing of Vg, and it becomes more prominent
at a higher acceptor concentration. This result is con-
sistent with the experimental result of threshold volt-
age variation of AlGaN/GaN HEMT after being ir-
radiated, which confirms that this degradation model
we have adopted here are reasonable. The calculated
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results also show that the increase in AlGaN/GaN
HEMT threshold voltage is primarily due to the ac-
ceptor defect introduced into the GaN channel.
Using this model, we investigate the effects of ac-
ceptor defect on threshold voltage shift, for different
device structure sizes, Al compositions and modula-
The results show that
thin barrier layer, high Al composition and doping

tion doping concentrations.

concentration could help to restrain the effect of ra-

diation induced acceptor defects on threshold voltage.
Meanwhile, according to the threshold voltage shift,
the I-V characteristics show that radiation induced
acceptor defects can result in the degradation of drain

saturation current.

Analysis indicates that this model of radiation in-
duced acceptor effect is able to reflect many main ra-
diation effects on AlGaN/GaN HEMT devices.
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