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Lead zirconate titanate behaviors in an LDMOS*
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The behaviors of lead zirconate titanate (PZT) deposited as the dielectric for high-voltage devices are investigated
experimentally and theoretically. The devices demonstrate not only high breakdown voltages above 350 V, but also excellent
memory behaviors. A drain current—gate voltage (Ip—V) memory window of about 2.2 V is obtained at the sweep voltages
of £10 V for the 350-V laterally diffused metal oxide semiconductor (LDMOS). The retention time of about 270 s is
recorded for the LDMOS through a controlled Ip—Vg measurement. The LDMOS with memory behaviors has potential to
be applied in future power conversion circuits to boost the performance of the energy conversion system.
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1. Introduction

Lead zirconate titanate (Pb(Zr,Ti)O3;, PZT) has been
widely investigated and integrated in ferroelectric random ac-
cess memories and ferroelectric field effect transistors due to
large remnant polarization and high permittivity.['~"! In these
applications, the PZT has mainly been used in low-voltage
device fields.!®'4! Recently, high-permittivity dielectrics for
power electronic applications have been extensively applied to
realize high breakdown voltages and low on-resistance (Rop ).
However, most of these studies still remain at the simulation
and theoretical analysis stages.[!>-1%]

In our previous work, [20] we have successfully fabricated
a laterally diffused metal oxide semiconductor (LDMOS) cov-
ered by the PZT with high dielectric constants. The breakdown
voltage is about 350 V, which is three times larger than that for
the LDMOS covered by SiO», suggesting that the PZT is a po-
tential candidate for future power applications. However, the
behaviors of PZT in power applications have rarely been re-
ported, thus making it an interesting and necessary research
task.

Our experimental results show that the PZT LDMOS also
has a memory characterization, which has not been reported.
With the memory behavior, the LDMOS allows impulse driv-
ing instead of switching driving, which can be potentially used
to design novel DC-DC circuit and improve the performance
of the energy conversion system. The present work focuses

mainly on the analysis of its memory performance.
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2. Device structure and fabrication

Figure 1 shows the schematic cross section of the LD-
MOS, where a 600-nm PZT film covers a 20-nm SiO, insula-
tor layer. The gate is also the field plate for the device. The
channel length and width are 2 um and 6000 pm, respectively.
The N~ drift region is 80 pm. The n-channel LDMOS de-
vice was fabricated on a p-type Si (100) substrate. After the
ion implantation into N* drain and source regions, the SiO,
insulator layer was thermally grown. Then, the PZT film was
deposited using radio-frequency magnetron sputtering. Sub-
sequently, the PZT film was etched and contact windows were
opened. Finally, the aluminum was deposited and patterned.
We also fabricated counterparts with a SiO; dielectric for com-
paring with the novel devices. The current—voltage character-
istics of the LDMOS were measured with an Agilent 4155B
semiconductor parameter analyzer.
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Fig. 1. Schematic cross section of the LDMOS with PZT.

3. Results and discussion

Figure 2(a) shows the drain current-gate voltage (Ip—Vg)
characteristics of the LDMOS with PZT. The gate voltages

*Project supported by the National Basic Research Program of China (Grant No. 50772019) and the National Natural Science Foundation of China (Grant

No. 61204084).
fCorresponding author. E-mail: yhzhai @uestc.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

078501-1


http://dx.doi.org/10.1088/1674-1056/22/7/078501
mailto:yhzhai@uestc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 7 (2013) 078501

were scanned from —10 to 10 V, and the counterclockwise
hysteresis loops were observed. At the same time, we tested
the SiO, counterpart and no hysteresis loop was observed
(Fig. 2(b)). We suggest that the polarization charges formed
in the PZT ferroelectric material are the main reason. Fig-
ure 3 shows the relationship of the gate voltage and the states
of ferroelectric films. As shown in Fig. 3(a), the gate is driven
to a positive voltage and the PZT is polarized, as shown in
Fig. 3(e). The polarization induces charges and the Si sur-
face approaches the inversion state, which can be regarded as
writing “1”. After the positive voltage is removed (Figs. 3(b)
and 3(f)), the remnant polarization of the ferroelectric film is
equivalent to adding a positive gate bias on the semiconductor.
The effective gate voltage (V) can be expressed as

dFe
EFe

VGett = VG + Pre, (1)
where Pre is the remnant polarization, dr. and &g, are the thick-
ness and the dielectric constant of the ferroelectric film. Sim-
ilarly, after writing “0”, as shown in Figs. 3(c) and 3(d), the

sign in formula (1) is minus.

3.5F (a) 10 Vto —10 V

o Y
< 2.5+ /
o i 7
L 20} f-fovioiov
— £
~ - r

1.5 F s J
£ 15 lng

1.0  memory windows A i

A
0.5+ VA
.0V
—10 =5 VTH;l YWim 5 10
Ve/V
b

1.6 ®)
< 1.2 /
g I
Z 0.8
[a]
~

0.4f

0 — \ L

Ve /V

Fig. 2. Drain current-gate voltage (Ip—Vg) curves of (a) the fabricated
n-channel LDMOS with PZT, and (b) the SiO, counterpart.
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Fig. 3. The remnant polarization of ferroelectric films shifts the threshold of the LDMOS. (a) Under a positive voltage, (b) the positive
voltage is off, (c) a negative bias, and (d) the negative bias is off. Panels (e)-(h) show the states of the ferroelectric films under

corresponding gate voltages, respectively.

In the gradual-channel approximation, after “1” or “0” is
written, the drain current of n-channel LDMOS in the linear

regime is expressed as[?!!

Ip = %uncstack(VGeff — Viu)Vo, 2
where VTOH is the threshold voltage independent of polariza-
tion, W and L are the channel width and length, y, is the elec-
tron mobility, and Csck 1S the gate stack capacitance given by
Cstack = CreCox /(Cre + Cox ), with Cg, being the ferroelectric
capacitance and Coxthe oxide layer capacitance.

From Eqgs. (1) and (2), we can see that even at the same
Vi, the drain currents are different under different states, and
therefore the polarization of the gate can be sensed by monitor-
ing the drain current ratio of Ioy /Iog. The experimental results

show that the ratio Iy, /Iog of this LDMOS exceeds 103 at the
gate bias voltage of 1.2 V.

Based on the foregoing discussion, the LDMOS can be
used as a memory, which especially can be applicative in
the high-voltage field. Generally, the memory window?>~24
is defined as the difference of the threshold voltage (Vi —
Vriz), as shown in Fig. 2(a). The memory window measured
from the Ip—Vg characteristics of the LDMOS is about 2.2 V
as Vg sweeps between —10 V and 10 V. Figure 4 shows that
the memory window varies with the scanning voltage. We can
see that the memory windows increase with increasing scan-
ning voltage.

Furthermore, the retention characteristic has also been
tested. To measure the retention characteristics in the on state
and the off state, the voltages were applied from +10 to 0 V
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Fig. 4. Memory windows of the LDMOS with different scan voltages.

with a sweep rate of 5 V per point. In every point, voltage is
hold for 0.1 s and delayed for a period of time, and then the
subsequent points were tested. The drain current—gate volt-
age curves with delays of 60, 180, and 300 s were shown in
Fig. 5(a). It can be seen that the memory windows are reduced
with the increase in delay time. Figure 5(b) shows the varia-
tion of the drain currents as a function of the retention time for
the fabricated LDMOS devices.
tios gradually decrease by about one order of magnitude after

The drain current on/off ra-

270 s. This means that the drain current difference can still be
detected after 270 s.
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Fig. 5. (color online) (a) Drain current—gate voltage curves with delay
times of 0, 60, 180, and 300 s. (b) The retention characteristics of the
LDMOS at room temperature.

Figures 6(a) and 6(b) show the breakdown voltage char-
acteristics of the LDMOS devices with PZT and SiO,, respec-
tively. The results show that the breakdown voltages have been
improved two times by using the PZT films. As pointed out by

Chen, "] thin films of dielectric materials with high permittiv-
ity, which cover the semiconductor surface, can transmit elec-
tric flux into or extract flux from the semiconductor surface.
Hence, the high permittivity of PZT can be used to prevent the
occurrence of strong electric fields produced at the edges of
some doped regions, thus improving the breakdown voltage of
a lateral semiconductor device.
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Fig. 6. (color online) Breakdown voltage characteristics of (a) the LD-
MOS with PZT. The inset shows the photo of the LDMOS. (b) The
LDMOS with SiO,.

4. Conclusion

We have proposed a ferroelectric material (Pb(Zrg 53,
Tip.47)) as a novel substitution for high-k dielectric in conven-
tional high-voltage LDMOS. Based on the high permittivity
and the remnant polarization of the PZT films, the LDMOS
devices not only have improved breakdown voltage, but also
have a memory characteristic. The /-V memory window of
about 2.2 V was obtained at a sweep voltage of 10 V for the
350-V LDMOS. The retention time of the LDMOS is about
270 s. These results pave a new way for the optimum design
of high-performance LDMOS and extend new applications of
the PZT. Taking advantage of such hysteresis behaviors of the
PZT dielectric LDMOS, impulse driving for the LDMOS is
available, and novel DC-DC circuit architectures are potential
to be proposed to improve the performance of the power con-
version systems.

078501-3



Chin. Phys. B Vol. 22, No. 7 (2013) 078501

References

(1]
[2]
[3]
(4]

[3]
(6]

(71
(8]
(91
[10]
[11]

[12]

Scott J F 2001 Ferroelectric Memories (Berlin: Springer) p. 24

Chang C Y, Juan T P and Lee J Y 2006 Appl. Phys. Lett. 88 072917
Wang H and Ren M F 2006 Acta Phys. Sin. 55 3152 (in Chinese)
Hoffman J, Pan X, Reiner J W, Waiker F J, Han J P, Ahn C H and Ma
T P 2010 Adv. Mater. 22 2957

Cui L, Li T Q, Xue HJ and Sun P N 2010 Chin. Phys. B19 077701
Chen J H, Liu B T, Zhao Q X, Cui Y L, Zhao D Y and Guo Z 2011
Acta Phys. Sin. 60 117701 (in Chinese)

Feng Y J, Xu Z, Wei X Y and Yao X 2003 Acta Phys. Sin. 52 1255 (in
Chinese)

Zheng X J, Sun J, Zhang J J, Tang M H and Li W 2008 Appl. Phys.
Lett. 93 213501

JuY and Xing D Y 2009 Chin. Phys. B 18 2205

Kang Y S, Xiao Q, Alivov Y I, Xie J Q, Onojima N, Cho S J, Moon Y
T, Lee H, Johnstone D, Morkoc H and Park Y S 2006 Appl. Phys. Lett.
88 123508

Itoh T, Suga T, Chu J R, Huang W H and Maedac R 2001 Chin. Phys.
10 167

Dawber M, Rabe K M and Scott J F 2005 Rev. Mod. Phys. 77 1083

[13]

[14]

[15]
[16]

(17]

[18]
[19]

[20]
[21]
[22]

[23]
[24]

078501-4

Peng J, Wu CJ, Sun T Y, Zhao W N, Wu X F, Liu W, Wang S B, Jie Q
L and Xu Z M 2012 Chin. Phys. B 21 067702

Rao C H, Jiang W H, Ning Y, Yu H and Zhou H 2009 Chin. Phys. B 18
1089

Chen X B (U.S. Patent) 6936907 [2005]

Luo X R, Jiang Y H, Wang Z P, Wang X W, Wang Q, Yao G L, Zhang
B and Li Z J 2012 IEEE Electron Dev. Lett. 33 1042

Florin U, Wang Y G, Deng H and Luo X R 2010 Chin. Phys. B 19
077306

Chen X B (U.S. Patent) 7230310B2 [2007]

Luo X R, Yao G L, Zhang Z Y, Jiang Y H, Zhou K, Wang P, Wang Y
G, Lei T F, Zhang Y X and Wei J 2012 Chin. Phys. B 21 068501

LiJ H, Li P, Huo W R, Zhang G J, Zhai Y H and Chen X B 2011 /EEE
Electron Dev. Lett. 32 1266

Sze S M and Ng K K 2006 Physics of Semiconductor Devices (3rd edn.)
(New York: Wiley) p. 305

Sakai S and Ilangovan R 2004 [EEE Electron Dev. Lett. 25 369
Lee S K, Kim Y T, Kim S and Lee C E 2002 J. Appl. Phys. 91 9303
Pan X and Ma T P 2011 Appl. Phys. Lett. 99 013505


http://dx.doi.org/10.1063/1.2177549
http://dx.doi.org/10.1002/adma.200904327
http://dx.doi.org/10.1088/1674-1056/19/7/077701
http://dx.doi.org/10.1063/1.3021015
http://dx.doi.org/10.1063/1.3021015
http://dx.doi.org/10.1088/1674-1056/18/6/016
http://dx.doi.org/10.1063/1.2187956
http://dx.doi.org/10.1063/1.2187956
http://dx.doi.org/10.1103/RevModPhys.77.1083
http://dx.doi.org/10.1088/1674-1056/21/6/067702
http://dx.doi.org/10.1088/1674-1056/18/3/042
http://dx.doi.org/10.1088/1674-1056/18/3/042
http://dx.doi.org/10.1109/LED.2012.2196969
http://dx.doi.org/10.1088/1674-1056/19/7/077306
http://dx.doi.org/10.1088/1674-1056/19/7/077306
http://dx.doi.org/10.1088/1674-1056/21/6/068501
http://dx.doi.org/10.1109/LED.2011.2158383
http://dx.doi.org/10.1109/LED.2011.2158383
http://dx.doi.org/10.1109/LED.2004.828992
http://dx.doi.org/10.1063/1.1467629
http://dx.doi.org/10.1063/1.3609323

	1. Introduction
	2. Device structure and fabrication
	3. Results and discussion
	4. Conclusion
	References

