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PbZr( ,Tig.gO3 (PZT) gate insulator with the thickness of 30 nm is grown by pulsed laser deposition (PLD) in Al-
GaN/GaN metal-insulator—semiconductor high electron mobility transistors (MIS-HEMTs). The ferroelectric effect of
PZT AlGaN/GaN MIS-HEMT is demonstrated. The polarization charge in PZT varies with different gate voltages. The
equivalent polarization charge model (EPCM) is proposed for calculating the polarization charge and the concentration of
two-dimensional electron gas (2DEG). The threshold voltage (V4;,) and output current density (/ps) can also be obtained by
the EPCM. The theoretical values are in good agreement with the experimental results and the model can provide a guide
for the design of the PZT MIS-HEMT. The polarization charges of PZT can be modulated by different gate-voltage stresses
and the Vi, has a regulation range of 4.0 V. The polarization charge changes after the stress of gate voltage for several
seconds. When the gate voltage is stable or changes at high frequency, the output characteristics and the current collapse of

the device remain stable.

Keywords: PZT, AlIGaN/GaN, MIS-HEMT, equivalent polarization charge model (EPCM)

PACS: 73.40.Kp, 73.40.Rw, 73.40.Qv, 73.61.Ey

1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs)
have a two-dimensional electron gas (2DEG) with high elec-
tron density and mobility in the channel because of the
spontaneous polarization and piezoelectric polarization,!!~*!
and they are well suited for applications in power switching
devices.!>8! The integration of ferroelectric materials and Al-
GaN/GaN has attracted much attention because of exhibit-
ing some unusual characteristics.”!%) Recently, some ferro-
electrics have been integrated with GaN-based HEMTs, such
as PbZr, Ti;_,O3 (PZT). The polarization of PZT is several
orders of magnitude larger than that of AlGaN/GaN and is
variable and reversible when different electric intensities are
applied.!'!l Moreover, the polarization of PZT can modulate
the 2DEG density of AlIGaN/GaN heterojunctions, and this has
been reported in some studies.!'!:1%]

Gate dielectric material is of vital importance for MIS-
HEMTs.[13:14] Different from the traditional oxide and nitride,
ferroelectric materials have strong polarization effect, result-
ing in the modulation of the 2DEG density and the current
density.['3] The nonlinear polarization characteristics of fer-
roelectric materials make it possible to modulate the 2DEG
density under the gate without sacrificing the gate-control
ability.['>] However, few articles have reported the specific cal-
culation model of the PZT gate dielectric for the AIGaN/GaN
MIS-HEMTs.

DOI: 10.1088/1674-1056/abd469

In this paper, AlGaN/GaN MIS-HEMTs with
Pb(Zr,Ti)O3 (PZT) ferroelectric gate dielectric are fabricated.
The PZT gate dielectric is grown by pulsed laser deposition
(PLD). A theoretical calculation model of polarization charge
is proposed. Moreover, the DC and pulse characteristics are
analyzed.

2. Device fabrication

The AlIGaN/GaN heterojunction structure used in this pa-
per was grown on the sapphire substrate by the metal organic
chemical vapor deposition (MOCVD) method. The wafer con-
sists of an AIN nucleation layer, an AlGaN gradient layer
that the Al percent is from 8% to 0, a 1-um-thick undoped
GaN layer, a 160-nm-thick undoped GaN channel, and a 25-
nm-thick undoped Alj»5Gag 75N barrier layer. Room temper-
ature Hall measurements of the epi-wafer yield an electron
sheet density of 9.2 x 10> cm~2 and an electron mobility of
1986 cm?/Vs.

The mesa area was formed by using BCl3/Cl, plasma
etching in an inductively coupled plasma (ICP) system fol-
lowed by the drain/source Ohmic contact formation using
Ti/Al/Ni/Au (30 nm/180 nm/40 nm/60 nm) annealed at 840 °C
for 30 s. A 60-nm-thick SizNy layer was deposited on the
surface by the plasma enhanced chemical vapor deposition
(PECVD), and the Si3Ny4 of the gate area was removed by
CF4/0; plasma etching. Then, the PZT dielectric layer was
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deposited by pulsed laser deposition (PLD) with the thickness
of 30 nm. Then, Ni/Au E-beam evaporation and lift off were
carried out to form the gate electrode. The Ly, Lyg, and Lgs of
the devices are 1.0 pm, 3.5 um, and 7.0 pm, respectively. The
W, of the devices are 50 um. Figure 1 shows the schematic
cross-sectional structure of the gate recessed MIS-HEMT. Fig-
ure 2 shows the photomicrograph of the MIS-HEMT. The pa-
rameters of the devices were measured by Keithley 4200.

. ' PZT 30 nm .
C siNieomm
. AlGaN barrier 25 nm _

GaNlN channel 160 nm

2DEG

undoped GaN 1 pm

AlGaN gradient layer
AIN nucleating layer

Fig. 1. The schematic cross-sectional structure of PZT AlGaN/GaN MIS-
HEMT.

Fig. 2. The photomicrograph of the MIS-HEMT device.

3. Results and discussion

Figure 3(a) shows the transfer characteristics of the four
sweeping speeds of gate voltage. The maximum drain current
density reaches 800 mA/mm with the drain voltage of 10 V
when the gate voltage sweeping speed is 2 V/s. The current
density decreases to 450 mA/mm when the sweeping speed is
up to 20 V/s. For the same device, as the change of polar-
ization charge takes time, the amount of polarization charges
in PZT is different at different sweeping speeds and different
amount of polarization charge leads to different current densi-
ties. The peak trans-conductance decreases from 122 mS/mm
to 40 mS/mm when the scanning speed is 2 V/s and 20 V/s,
respectively. The trans-conductance decreases due to the de-
pletion of electrons in the channel by the polarization charge.
When the sweeping speed is 20 V/s, the polarization charge
cannot keep pace with the change of the gate voltage, which
results in the decrease of the current density. The calculation
model of polarization charge will be presented in the following
part.

Figure 3(b) shows the transfer curve in logarithmic coor-
dinates. Excellent off-state performance was achieved with a

low leakage current of about 10~ A/mm. The threshold volt-
age (Vi) in this paper is defined as the gate bias when the drain
current reaches 1 mA/mm. The V4, increases from —12.2 V to
—8 V when the scanning speed is 2 V/s and 20 V/s, respec-
tively. The change of polarization charge can modulate the Vy,,
and the modulation range is up to 4.2 V, which is an effective
method to realize the enhancement-mode devices.
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Fig. 3. Transfer characteristic curves of different sweeping speeds of gate
voltage (a) conventional coordinates and (b) logarithmic coordinates.
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Fig. 4. Polarization charge diagram and energy band diagram of PZT MIS-
HEMT.

The polarization charges and energy band of MIS-HEMT
are shown in Fig. 4. In AlGaN/GaN heterojunction, electrons
will be confined at the interface because of spontaneous polar-
ization and piezoelectric polarization. To calculate the amount
of the polarization-induced sheet charge density o at the Al-
GaN/GaN interface, we use the following set of linear inter-
polations between the physical properties of GaN and AIN!'6]
(the x is the Al-content of the Al,Ga;_,N barrier):

o(x) = |Ppe(AlGaN) + Psp(AlGaN) — Psp(GaN)|

057302-2
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_ ‘2 . a(0) —a(x) { e31(x) — e33(x) Ci3(x) } The distance between PZT polarization charge and 2DEG
Cs3(x) is large compared with the o of the AlGaN/GaN interface. The
+ Psp(x) — Psp(0) ‘, (1)  force between the polarization charge and the electrons in the

channel is inversely proportional to the distance. We propose

where a(x) is lattice constant, Cj3(x) and Cs3(x) are elastic ) . .
. . an equivalent polarized charge model (EPCM) with the calcu-
constants, e33(x) and e3(x) are piezoelectric constants, Py, (x)

is spontaneous polarization. The specific calculation methods
of these parameters are shown in Ref. [16]. When x is 0.25,  the effect of both the PZT and AlGaN polarization charges on

lation method as given in Eq. (2), it can be used to calculate

o (x) is 0.022 C/m?. | the 2DEG. o (x) is the equivalent polarization charge.
Ppzr i —Ppzr
Pozr 2DEG +fAIGaN  12DEG *+fAIGaN + fPZT
o'(x)=0(x)-(1+k-—=)=0(x)-| 1 a a 2
(9 =0()- (1+k: 225) = o(x)- | 14 202G Iue_bora il , @

1DDEG  2DEG +AIGaN

where fa1Gan 18 the thickness of the barrier layer, tpzT is the scanning is faster, the hysteresis of the curve is larger because
thickness of the PZT layer, #)pgg is the distance between  of the delay of the change of the planned charge. Therefore,
2DEG and the polarization charge of the AlGaN surface. Ac-  in the process of voltage increasing, when the voltage sweep-
cording to the C-V curve and the distribution of 2DEG, f,peg ~ ing speed is faster, the corresponding polarization charge is
is taken as 1 nm. Equation (2) can be simplified as Eq. (3) after smaller.
substituting the values of each thickness into the equation.

P 0.032
o'(x)=o(x)- (1 +0.0214 x ZT> . 3) 0.028}
o (x)
_0.024} ! o
According to Eq. (3), it can be concluded that the polarization k= 0020 s
-~ - ™
charge of PZT must be an order of magnitude larger than that 2 .01k )
of AlGaN in order to have a significant effect on the device B 0.012k -
N . 8
performance. Capacitor of PZT and AlGaN are connected in ° 0.00sl , ;uz
series. The 2DEG concentration formula of MIS-HEMTSs can —8—3'(0.25) ; 104
' o 0.004F —e—Ns(0.25) (@) Jo.2
be obtained from! . . ! . . 0
G’(x) C 070.6 —04 —-0.2 0 0.2 0.4 0.6
Ns(x) = B (AlGN> (98 (x) + Er (x) Przr (C/m?)
e e
0.6
CpzT —~v—2V/s
+AEci(x) —AEco(X)] 7———, (4 a5 V/s
Cpzr + CalGaN 0.4r 10V
/s
where ¢ (x) is the Schottky-barrier height, E is the difference o 02f " 20V/s
between Fermi level and GaN conduction band edge level, and S
AEc) and AE(; is the conduction band discontinuity between = or h
PZT and AlGaN, and AlGaN and GaN. QQN“ —0.2F A
Figure 5(a) shows the trend of polarization charge and
electron concentration. With the increase of PZT polariza- —04 ! (b)
|
tion charge, the equivalent polarization charge and the electron —0.6 =557 S M 50
concentration increase linearly. When the polarization charge V, (V)

2 . . .
of PZT reaches 0.5 C/m”, both of the equivalent p olarization Fig. 5. (a) The trend of polarization charge and electron concentration and
charge and the electron concentration increase by 48.6%. The (b) the trend of polarization charge of PZT with different gate voltages.

olarization charge of PZT has a great ability to control the .
p & ) ) & y For the HEMT devices, the current between source and
channel electron concentration. Figure 5(b) shows the trend of .

o ) ’ drain (Ips) can be calculated by
polarization charge of PZT with different gate voltages. Ac-
cording to the MFM structure in the reference,!" ' the polariza Ins = gWv(x)Ns(x), 5)
tion charge of PZT has hysteresis in the process of gate voltage
sweep back. The hysteresis characteristics of PZT are differ- ~ where W is the gate width, v(x) is the velocity of the elec-

ent with different sweeping speeds. When the speed of voltage  trons in the channel. As the barrier layer is not etched, the
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electron velocity is proportional to the electron mobility, and
the electron mobility remains unchanged. The Ips is mainly
determined by the Ng(x).

Capacitors of PZT and AlGaN are connected in series.
Assuming that the 2DEG in the channel is totally depleted at

Vin, the Vi, can be expressed asH7]

Vin = [050) + Br(x) + AFc (x) — AFca(x)]

1 t
—o (x) < PZT I AlGaN ) ’ ©)
€o€pzT

€0€AIGaN
where €pyt is dielectric constant of PZT.
According to the above formula and experimental results,

the experimental and theoretical results of Ipg and Vi, can be
obtained. Figure 6 shows that the theoretical values are in good
agreement with the experimental results. The EPCM proposed
in the present paper can guide the design of the PZT MIS-
HEMT.

-8
800
B = |~
g 600 =
~ ® 1—10 ©
< 0" >
N B = <
" [ o {-11 ¥
§ —&— [g experimental value
w 900k © - 0- Ipg theoretical value
a) ) {—12
=~ —e— V};, experimental value
- 0- Vi, theoretical value
0 N N N N —~13
0 5 10 15 20

Gate voltage sweeping speed (V/s)
Fig. 6. Experimental and theoretical values of Ipyax and Vi, for the MIS-
HEMT.

Figure 7 shows the change of the transfer characteristics
with different gate voltage stresses. According to the results
shown in Fig. 3, the transfer characteristics were tested with
the sweeping speed of 2 V/s. The gate voltages were swept
from —20 V to 10 V and the maximum gate voltage is equal
to the stress voltage. This avoids the sweeping voltage having
an influence on the stress effect. As shown in Fig. 7(a), the Vi
increases from —11.2 V to —7.1 V after applying 10-V gate
voltage for 210 s. The Vj;, has a positive shift with an increase
time in the stress—gate voltage. Moreover, the Vi, changes lit-
tle from 150 s to 210 s, indicating that the modulation of po-
larization charge has reached the limit. The polarization of
PZT in PZT/A1GaN/GaN HEMT is enhanced with an increase
time and this means that more negative polarization charges of
PZT are switched in the PZT/AlGaN interface. Therefore, the
two-dimensional electron gas density at the channel decreases,
and Vi, has a positive shift. Figure 7(b) shows that the Vj;, de-
creases from —7 V to —11 V after applying —20-V gate volt-
age for 210 s. The same principle as mentioned above is due
to more positive polarization charges of PZT being switched
in the PZT/AlGaN interface.

gate stress of 10 V for different time
800
- 1a 0s
[ — Id 30 s
. 600F— I3 90 s
=) | — 1a 150 s
g — 13210 s
< 400F
£ Vin increased from
= [—11.2 Vto 7.1V
= 200}
AVip=44.1V
0 1 L 1 L 1 L
-20 —-15 —-10 -5 0 5 10
Ve (V)
gate stress of —20 V for different time
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| _Id 0s
- Id 30 s
—~ 600F——14390 s
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S — 143210 s
< 400t
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—-20 —-15 —-10 -5 0 5 10
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Fig. 7. (a) Transfer characteristics of 10-V gate stress for different time and
(b) transfer characteristics of —20-V gate stress for different time.

Figure 8(a) shows the comparison of output character-
istics before and after the gate-voltage stress. After a gate-
voltage stress of 10 V for 120 s, the maximum output cur-
rent density only decreased from 781 mA/mm to 779 mA/mm
and the current density decreased from 518 mA/mm to
424 mA/mm when the gate voltage is 10 V and —2 'V, respec-
tively. After the stress is applied, the Vj, is positively biased,
which leads to the decrease of the output current at the same
gate voltage. The on resistance (Ro,) also remains unchanged
before and after the stress, which is 4.6 Q-mm. This shows that
the gate voltage can modulate Vi, of the device. When testing
the output current curves, the drain voltage increases from 0 V
to 10 V by keeping the gate voltage bias unchanged. There-
fore, when the gate voltage is stable, the polarization charge is
fixed and the output characteristics of the device remain stable.

Figure 8(b) shows a dual-pulse current collapse test per-
formed on the device. In the test, the pulse width is 5 X 107 7s,
with 1-ms period and 1.5 x 10~7-s rise time and the decline
time.!'8] The current collapse test selects two static operating
points, the (Vgs, Vis) = (0,0) state and the (Vgg, Vi) = (—8,10)
state. According to the measurement, the current collapse of
the MIS-HEMT is 5.2%. Because the voltage change in the
current collapse test is at the microsecond level and the change
of polarization charge takes many seconds, the polarization
charge has no time to follow the change of the gate voltage.
Therefore, the current collapse of the device is very small and
the current collapse characteristic is very stable.
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Fig. 8. (a) Output current curves of before and after gate stress for 120 s and
(b) pulse output current curves of the devices.

The multi-frequency C-V characteristics are shown in
Fig. 9. The C-V curves of different frequencies are basically
coincident, and the maximum value of dispersion is only 0.3 V.
At the same time, the C—V curves is swept back and the max-
imum hysteresis is 0.5 V. According to the results of the C-V
curves, the Vy, is stable when the polarization charge is fixed.
In the C-V test, the frequencies are from 10 kHz to 1 MHz
and the corresponding time is from 1 ps to 100 ps, respec-
tively. The polarization charge is also difficult to keep up with
the changing speed, so the polarization charge is also stable.
Therefore, the Vi, can be adjusted according to the modulation
of polarization charge.

500
C—V at different frequencies
—10 k
400 — 50 k
s 100 k
NE — 500 k
g 300r 1M
~
Lé‘ frequency dispersion is 0.3 V
T2
O 00
100
0

Fig. 9. Multifrequency C-V curves of PZT MIS-HEMT.

4. Conclusion

The PbZrg,TiggO3 AlGaN/GaN metal-insulator—
semiconductor high electron mobility transistors (MIS-
HEMT) is fabricated on the sapphire substrate. The ferro-
electric effect is shown in the transfer characteristics. The
amount of polarization charges in PZT are different at dif-
ferent sweeping voltage speeds. An equivalent polarization
charge model is proposed for calculating the concentration of
2DEG. The threshold voltage (Vi) and output current density
(Ips) can be obtained by the theoretical model. The theoreti-
cal values are in good agreement with the experimental results
and the model proposed can guide the design of the PZT MIS-
HEMT. The polarization charges of PZT can be modulated
by different gate-voltage stresses. So the Vi, have a regulation
range of 4.0 V. The polarization charge changes after the stress
of gate voltage for several seconds. When the gate voltage is
stable or changes at high frequency, the output characteristics
and the current collapse of the device remain stable.
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