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Experimental Comparison of RF Power LDMOSFETS
on Thin-Film SOI and Bulk Silicon
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Abstract—We have simultaneously fabricated RF power proach 15 GHz and the breakdown voltage exceeds 20 V. In
LDMOSFEThS _Onshcin-ﬁ'm S?' alf;d bul(l;Si‘%Oﬂ wafe_rts. This Wﬁfk [7], [10]-[12], LDMOSFETs were also demonstrated on SOI
compares their current-voltage {-V'), capacitance-voltage ; ; ; ; :
O rame i TS oat ol s bl dferet dedgne nd varyng el of pr
and explains differences between them. The SOl LDMOSFET ’ ’
performance is shown to be largely similar to the performance of an off-state breakdown voltage of 14 V and a remarkable power-
an equivalent bulk silicon LDMOSFET, but there are important added efficiency (PAE) of more than 50% at 5.8 GHz. Complete
differences. The SOI LDMOSFET has moderately lower on-state integrated RF PAs on SOl were demonstrated in [13] and [14].
b.realk.down vpltage due to increased bo.dy resistance. It also has In this paper, we study the SOI LDMOSFET through a di-
significantly improved power-added efficiency due to reduced ) ) . -
parasitic pad losses, rect comparison with an equalem bulk SI|!CO!’1 LDMOSFET, a

proven RF power device. We fabricated thin-film SOI and bulk
silicon LDMOSFETSs simultaneously using an identical process.
The devices are compared through DC current—voltag#},
capacitance—voltage’-V'), S-parameters, and large-signal RF
|. INTRODUCTION measurements. We focus on explaining the differences that are

in the devices’ characteristics. Our work suggests clear ad-
ILICON-ON-INSULATOR (SOI) MOS technology has 5" .
Sproven to be successful in many diverse applicatiofg"t2ges of SOl LDMOSFETS for handset type RF PA applica-

from digital CMOS [1] to high voltage power devices [2].“0”5'
Most recently, thin-flm SOI lateral double-diffused MOS-
FETs (LDMOSFETs) have been explored for use in radio Il. DEVICE FABRICATION

frequency power amplifiers (RF PAs). The RF PA is a critical - . .
component of all wireless systems, and bulk silicon LDMOS- Tl?e bulk IS”;C(I)In a_nd SQIdLDtMOISFETS wepte fabncat(i_d S"f
FETs are widely used in both cellular handsets [3] and fﬁu ;mgous_y ohowmg aFm in_'r%a ggfel_%sl\'ﬂoggé?sec lon o
cellular base-stations [4]. Thin-film SOl LDMOSFETs havé. € devices 1S shown in F1g. 1. The S are par-
fially depleted and were fabricated on p-ty{i0) full-dose

received particular attention for highly integrated wireles . . o .
: o : IMOX wafers with an active silicon thickness of 200 nm, a
system-on-a-chip (SOC) applications. This paper concerns gr/iled-oxide thickness of 400 nm, and a resistivity of 1020

design and fabrication of LDOMOSFETSs on SOI for handset -cm. The wafer doping level of the bulk silicon devices is the

power applications. . )
Thin-film SOI technology is interesting for RF PAs for threiargi' (;rc])sae” c‘)’}’a;(erlsolé?:z(_)f VIVZZI?::]%TaﬁV{an ?i&dtﬁgii ; dZ?eI_(eV

primary reasons. The buried oxide in the SOI structure redu ) i . ) .
capacitive coupling to the substrate, which improves power e g) :rtno ?_Loepegly Issil(i)gtr? tr;fedlg\r?c;sb:tr&z%a(t)el 3;:/?5;?5'%%655 IS
ciency [5]. The SOI buried oxide also provides improved isola- q th. b "f Iy tg I thg' bout Gu | due t
tion between adjacent circuits [6], making it attractive for highl nd the bulk sticon gate fength 1s abou Guin longer due to
integrated power amplifiers in which substrate cross talk is gort]ohtlhogralp hic varlathns. fil f i
concern. A third advantage is that it allows for the use of hi%(?r e lateral body doping profile was formed by masking

resistivity substrates [7] that enable the fabrication of low lo e drain of thge dey;ce’ implanting the source with b_oron of
on-chip inductors. ose 1.3x 10'* cm~2 and energy 25 KeV, and annealing the

Previous work on thin-film SOl LDMOSFETSs for RF PAswafers for 300 min at 1000C. The 0.5.m n~ LDD region

H 2 —2
is encouraging. In [8] and [9], we demonstrated an RF Lpvas created by a phosphorous implant of dose B)'? cm

MOSFET on SOI that had DC and small-signal RF charact nd energy 55 KeV. Thensource and drain regions were

- : , ~formed by a masked implant of dose> 10*> cm~2 and
istics that are suitable for RF PAs. THeg of the devices ap energy 25 KeV. The h implant mask defined the length of the

n— region. Dopant activation was achieved by a 20 s, 1000
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Fig. 1. Cross section of fabricated LDMOSFET on (a) SOI and (b) bulk; o . »
silicon. Fig. 2. Measured output characteristics of fabricated SOI and bulk silicon

LDMOSFETs.

that is critical for obtaining a high on-state breakdown voltage
and for suppressing the kink effect [8], [9].

I1l. D EVICE CHARACTERIZATION AND COMPARISON 20r

L f‘

The SOI and bulk silicon LDMOSFETs were thoroughly e~
characterized using DCI-V, C-V, S-parameters, and TTEENE
large-signal RF measurements. Several differences are seen ¥ 10}
the reasons for these differences are explained in this secti0|9><

The SOl and bulk silicon DC output characteristics are shov._&
in Fig. 2. The device characteristics are similar but some min—
differences are noticeable. These are due to both the effect 5}
the buried oxide and to normal process variations. Both d
vices have a threshold voltage of about 1.6 V. The SOI device — $O!
transconductance and output conductance is higher becaus: == Bulksilicon
gate length is shorter.

Both devices exceed the 20 V breakdown that is require 35 20 =0
of 3.6 V cellular handset applications. Though the bDD Gate Finger Width ( um)
implant and the drift length of the SOI and bulk devices are
the same, the off-state breakdown of the bulk silicon devi:- 3. f: andfu. of SOl and bulk LDMOSFETSs as a function of the gate
is higher than that of the SOI device. The reason for this 1§9¢" width.
that the buried oxide minimizes the RESURF effect [15] in
the SOI devices. In the bulk device, the p-type doping beneathThe on-state breakdown voltage of the SOI device is lower
the LDD region vertically depletes the n-type doping in théhan the breakdown voltage of the bulk silicon device. This is
LDD. The buried oxide reduces the depletion of the LDDecause the SOI device has both a lower off-state breakdown
giving the bulk devices a higher breakdown voltage for theoltage and a higher body resistance. In the SOI device, the
same LDD dose. Measurements of immplanted-resistor test body contact resistance is increased by the constriction of the
structures confirmed that the RESURF effect is responsible foitype body contact by the buried oxide. Higher body contact
the reduced n carrier density in the bulk devices. resistance hurts on-state breakdown, caused by the turn-on of

The bulk devices suffer from soft breakdown effects that athe parasitic n-p-n transistor that is embedded in an NMOSFET
common in power devices. Soft breakdown effects are caugé@].
by local breakdown at the periphery of the device where theThe S-parameters of the devices were measured to 6 GHz
LOCOS isolation implant comes in contact with the LDD imusing an HP8753 network analyzer. Fig. 3 shows thend
plant. These effects do not occur in the SOl LDMOSFET bés,... as a function of the gate finger width for a drain bias of
cause the device is isolated from the substrate by the buré V. In these measurements, parasitic pad capacitances were
oxide. This was verified through light emission measuremerde-embedded using a dummy pad structure grahd f,,,. of
that showed emission during soft breakdown at the LOCOS/gé#ite devices were calculated by extrapolating from 6 GHz at a
intersection on only the bulk silicon devices. 20 dB/decade slope from the short circuit current gain ) and

100
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Fig. 4. Experimental and modeled drain-to-substrate capacitance of the $§§, 5. Load-pull characteristics of the devices at 2 GHz. The source is
and bulk silicon LDMOSFETs. conjugately matched and the load is set for maximum PAE.
the maximum available power gaip....), respectively. The, 30r
andf,,.x of the SOl devices were almost identical to those of thi — S0l

bulk silicon devices. As expected from first-order thegfypf 7= Bulksiioon

the device is not a function of the gate finger width. On the othe
hand, f...x rolls off in an inverse linear manner with the gate
finger width, indicating that the resistance of the polysilicor 2o}
gate dominates the power gain. 2
The drain-to-substrate capacitance of the devices was mey
sured withan HP4192, at 100 MHz, and is shown in Fig. 4. In R\% °
power amplifier applications, low drain capacitance increases
power efficiency due to reduced parasitic power loss and di 10
creases the difficulty of designing the device’s output matchin
network. As is seen in the figure, the SOI device and the bul

25k

%)

Frequency = 1.9 GHz

= ; : . . 5k W =10x100 um
silicon device have substantially different drain-substrate c: V, =36V
pacitance behavior. A simple analytical model, derived direct!
from Poisson’s equation and appropriate boundary condition % 20 20 50 20 700 120
correctly predicts the behavior of the capacitance. The substr: Bias Current (A/um)

doping level used inthe model of the bulk silicon and SOl devicesy. 6. Dependence of the peak PAE on the bias current for bulk and SOI
is1x 10 cm—3 and 7x 10'* cm™3, respectively, both within LDMOSFETSs. The PAE of the SOI device is systematically higher.

the 10-202-cm resistivity specification of the wafers. The bulk
device’s drain capacitance has the expetjedV, dependence

of a reverse biased p-n-junction. The SOI device hag 7, Throughout our measurements, there were few indications

. of detrimental self-heating effects, commonly cited as a dis-
dependence for low voltages and flattens out at higher voltage . L .
. . - . . vantage of SOI in RF power applications. The comparison
due to inversion of the silicon beneath the buried oxide. .
of the SOI and bulk silicon load-pull measurements shows that

Load-pull measurements were performed at 1.9 GHz using a : o
ATN load-pull system from Agilent Technologies. The resultgaf_heatmg effects do not limit the performance of the SOI de-

i . : ; ) : Vices for the power densities that we studied.
for d_ewces with 20 fingers with a g_ate _fmger width of #n IM3 of the devices was measured with 100 MHz signal
per finger (20x 40 m) are shown in Fig. 5. The source was : I - .
. . _spacing, and the results are shown in Fig. 7. Within the condi-
conjugately matched, and the load was matched to maximize : . . .
. : Ions that have been studied, the linearity of the two devices as
the PAE. The drain voltage was 3.6 V, and the bias current WaS. - ted by IM3 is identical
set for Class-A operation. The gain of the SOI and bulk devices y '
is similar, but the PAE of the SOI device is substantially higher
than the bulk silicon PAE, by almost 10% points.

The PAE advantage of the SOI devices was consistently ob-The measurements described in the previous section demon-
served for devices of many different layouts and at several diftrate that the performance of an SOl LDMOSFET is largely
ferent current bias conditions. The PAE as a function of the biasnilar to an equivalent bulk silicon LDMOSFET. However, two
current is shown in Fig. 6 for devices with 20100 m gates. significant differences were shown. The SOI device has substan-
The PAE of the SOl device is systematically higher than the PARlly higher PAE, but the on-state breakdown voltage is lower.

of the bulk device. These two differences are discussed in this section.

IV. DISCUSSION
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3.5} - -~ Bulksilicon L
The on-state breakdown voltage achieved in the SOI LD - Model /_Q_,,.«-""
MOSFETSs is excellent, considerably higher than what has bee 3¢ R
achieved in other published thin-film RF LDMOSFETs. Addi- & ,,:..’-:' ----
tionally, the kink effect is entirely suppressed. The reason fa ;;2'5' e
this is the usage of the under source body contact. Its resistan £ | e
is considerably lower than other body contacting schemes. Hov g _‘3.«"
ever, the on-state breakdown voltage is substantially higher i g 1 s} i
the bulk device. The difference in on-state breakdown is both be3 d
cause the bulk device has a higher off-state breakdown voltag 1}
and because the SOI device has a higher body resistance. #
justing the m LDD dose will eliminate the difference in the  0-5f
off-state breakdown voltage. The increase in the body resistan . . . :
is caused by the constriction of the p-type body contact betwee 0o 1 2 3 4 5 6
the nt implant and the buried oxide. This is an intrinsic disad- Frequency (GHz)

vantage of the SOI structure relative to bulk silicon. (b)

. The 10 V on-state bree}kdown of the SOI deVICeS_ may dEi'g. 8. Experimental and modeled (a) capacitance and (b) conductance of a
liver the ruggedness (resistance to breakdown at high outgtdin pad as a function of frequency.

impedance mismatch) that is desired in PAs, but a lower body

resistance may be required. The body resistance can be substag- d Th i d duct f th
tially reduced below the levels that were achieved in this wo S Were measured. The capacitance and conductance ot the

by optimization of the body doping process, but it is unknow?\ads were extracted from thé-parameters of the drain pads

if the low levels of body resistance that are achieved in bulk dgpd are plotted in Fig. 8. Measurements obtained on the gate

vices can be achieved in thin-film SOI. Further study is requirt?dads exhibit similar behavior.

to understand these issues. Pads reduce the efficiency and gain of an amplifier because
A specific advantage of SOI LDMOSFET technology is ret_hey are lossy ano_l consume power. The “lossiness” of a pad is
vealed in this work. The SOI devices have substantially highgiréctly related to its conductance. As can be seen from Fig. 8,
PAE, and we have found that this improvement is related {Be. pads on SOI have a significantly lower conductance, indi-
the pads. Metal pads exist in the layout of the device to enalSling that the SOI pads have lower loss.
on-wafer probing. Similar structures are present in the layoutA small-signal lumped circuit model of the pads was cre-
of all RF power devices, most often as bond pads or to coated to understand their behavior. The topology of the model
nect to other devices. These parasitic elements can be laf§eshown in Fig. 9. The values of the elements of the model
For example, on the 28 40 xm bulk silicon LDMOSFET in were determined by fitting to th&-parameter data. The fit of
this work, the output pad capacitance is approximately 30% i model to the capacitance and conductance measurements
the total output capacitance. These pads consume a signifid&rghown in Fig. 8. The extracted element values are shown in
amount of power and affect the power efficiency. Fig. 9. The model reveals that the pads on SOI have a lower se-
To study the pad issueS-parameters of the gate and drairfies capacitance and higher parallel resistance.
pads were measured using open test structuresSiperame-  The reason for the differences between the pads on SOI and
ters of the pads are not a function of the DC voltage at which thelk silicon is clear when the structure of the layers beneath the
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Fig. 11. Two-dimensional (2-D) MEDICI simulations of pads on bulk silicon
and SOI. For bulk silicon, a simulation is shown indicating the effect of
elimination of the isolation implant.
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pads is examined. Fig. 10 depicts the region beneath the p as >

on the two wafer types. On the bulk silicon wafer, the pad met % 30 20 0 0 10 20
is separated from the substrate by an LTO oxide and a LOC( Pip(dBm)

oxide. On the SOI wafer, there is an additional buried oxide.
The surface of the bulk silicon wafer beneath the buried oxid&"
is highly doped by the isolation implant. However, the surface _ _ -
of the SOI wafer remains lightly doped because the isolation 1€ difference in pad loss on SOI and bulk silicon accounts

implant is stopped by the buried oxide and does not reach & & large part of the difference in the PAE that have been ob-
silicon surface. This allows a depletion region to form at thef"ved between the two devices. To demonstrate this, the pads

surface of the silicon in the SOI wafer. As a result, the capadtere de-embedded from the load-pull data using thead-

tance of a pad on SOl is substantially lower than on bulk silicd@Meter measurements. The relationship between the applied
and the absence of the isolation implant makes the SOI substr%‘fj@"abl? input powefL;.q.,) and the de-embedded input power

more resistive. Both of these factors contribute to reducing thEinay) 1S
loss of the pad on SOI. ) Gus
MEDICI simulations confirmed this understanding of the pad Pipav Goet Gro’ (1)

loss on SOI and bulk silicon. Two-dimensional (2-D) simula- M rs
tions of the pads shown in Fig. 10 were conducted. Fig. 11 shofyszs is the conductance or the real part of theparameters of
the simulated real part of theparameters of the pads on SOFhe source-matching impedance, &hgds is the conductance of
and bulk silicon. The MEDICI simulations correctly reflect théhe source pad. The relationship between the output pser
difference in the loss between the pads on SOI and bulk s¥d the de-embedded output pow#y,,, ) is
icon, as well as the variation of the conductance with frequency. a

: . N . ) ML +GprL
Fig. 11 also shows the results of a simulation in which the iso- o
lation implant that was used in the LOCOS process is removed. ML
As can be seen, this implant plays a key role in the high condu@y, . is the conductance of the load-matching impedance, and
tance of the pads on bulk silicon. (G ps is the conductance of the load pad. These relations explic-

Experimental data from Fig. 5 with parallel pad loss de-embedded.
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itly show the importance of the real parts of the pagharame-  [8] J. G. Fiorenza, J. A. del Alamo, and D. A. Antoniadis, “A RF power
LDMOS device on SOI,” ilEEE Int. SOI Conf. Prog1999, pp. 96-97.

ters on understanding pad power loss. ) P
. g)] J. G. Fiorenza, D. A. Antoniadis, and J. A. del Alamo, “RF power LD-
De-embedded load-pull measurements corresponding to the” \iosreT on SOI"IEEE Electron Device Lettvol. 22, pp. 139-141,

data in Fig. 5 are shown in Fig. 12. With the pads de-embedded,  Mar. 2001.
the gain of the SOI device is slightly lower than that of the bulk[10] K.Shenai, E. McShane, and S. K. Leong, “Lateral RF SOI power MOS-

h . FETs with f, of 6.9 GHz,” IEEE Electron Device Lettvol. 21, pp.
device. The de-embedded PAE of the bulk device nearly reaches 540 502, oct. 2000.

that of the SOI device. The de-embedded results show that mugtu] Y. Tan, M. Kumar, J. Sin, L. Shi, and J. Lau, “A SOI
of the improvement of the PAE of the SOI devices fabricated in ~ LPMOS/CMOS/BJT technology for fully-integrated RF power

. .. . amplifiers,” in Int. Symp. Power Semiconductor Devices and, ICs
this work is indeed due to reduced lossiness of the pads on the 540, op. 137-140.

SOl substrate. [12] S. Matsumoto, Y. Hiraoka, and T. Sakai, “A high-efficiency thin-film
The quantitative improvement in power efficiency of an RF SOl power MOSFET having a self-aligned offset gate structure for

: : . lti-gigahertz applications [EEE Trans. Electron Devicesol. 48,
LDMOSFET on SOI will vary depending on the details of the pmpu_ {S;%i&iﬁpupnﬁig%”f rans. =lection Deviceso

device layout and pad implementation. Increasing the thicknegs3] M. Kumar, Y. Tao, J. Sin, L. Shi, and J. Lau, “A 900MHz SOI fully-

of the dielectric under the pads or shrinking the size of the pads ~ integrated RF power amplifier for wireless transceivers,Trit Solid
State Circuits Conf.San Francisco, CA, 2000, pp. 382—-383.

will reduce pad loss. However, this paper suggests that the paﬁ%] D. Ngo, W. M. Huang, J. M. Ford, and D. Spooner, “Power amplifiers on

on SOI will generally be less lossy. thin-film silicon-on-insulator (TFSOI) technology,” iRroc. IEEE Int.
SOl Conf, 1999, pp. 133-134.

[15] J. A. Appels, H. M. J. Vaes, and W. N. J. Ruis, “Thin layer high-voltage
junction FET (Resurf JFET),[EEE Electron Device Lettvol. EDL-2,
pp. 38-40, 1981.

16] F. C. Hsu, P. K. Ko, S. Tam, C. Hu, and R. S. Muller, “An analytical
breakdown model for short-channel MOSFETIEEE Trans. Electron
Devicesvol. ED-29, pp. 1735-1740, 1982.

V. CONCLUSIONS

We have simultaneously fabricated LDMOSFETSs on bulk sil-[
icon and thin-film SOI wafers. We have compared their DC
I-V,C-V, S-parameter, and load-pull characteristics. The per-
formance of the LDMOSFET on a standard thin-film SOI wafer
is similar that of an equivalent bulk silicon LDMOSFET. Al-
though the on-state breakdown voltage of the SOI device
lower because of increased body resistance, its power efficie
is higher than that of an equivalent bulk silicon LDMOSFET be
cause of reduced pad loss. The comparison of a thin-film S
LDMOSFET to a proven RF power technology demonstratt
the promise of thin-film SOI technology for future highly inte-
grated RF power applications.
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