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Abstract. The characteristics of enhancement-mode MOS transistors fabricated on zone-melting
recrystallized (ZMR) silicon-on-insulator (SOI) films were systematically experimentally investigated
in the temperature range 25-300°C. The main temperature-dependent parameters (the threshold voltage,
the channel mobility, subthreshold slope, oft-state leakage currents) of ZMR SOI MOSFETs are de-
scribed and compared with both theory and SIMOX devices. It is shown that high carrier mobilities and
low off-state leakage currents can be obtained in thin-film ZMR SOI MOSFETs at elevated tempera-
tures. At 7=300°C, far beyond the operating range of bulk silicon devices, the off-state leakage current
in ZMR SOI MOSFETs with a 0.15 pum-thick silicon film was only 0.5 nA/um (for V=3 V), that is 3—
4 orders of magnitude lower than typical values in bulk Si devices. The presented results demonstrate
that CMOS devices fabricated on sufficiently thin ZMR SOI films are well suited for high-temperature
applications.
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1. Introduction

Many applications of CMOS integrated circuits require op-
eration at elevated temperatures. Conventional bulk silicon
MOS integrated circuits can only be used at moderate tem-
peratures (as a rule, up to 200°C). At higher temperatures
bulk silicon CMOS devices usually fail because of thermally-
induced latch-up, threshold voltage shifts, dramatically in-
creased junction leakage. Due to the possibility of latch-up
free operation, much lower leakage currents, smaller thresh-
old voltage shifts, thin-film, fully-depleted SOI MOS devices
are considered to be very attractive for high-temperature
applications [1, 2]. High-temperature characteristics of
MOSFETs fabricated on SIMOX (separation by implanted
oxygen) SOI films have been reported in several papers [3—
5]. Zone-melting recrystallization (ZMR) is an alternative
approach for the SOI wafer preparation [1, 6]. The major
advantage of the ZMR technology is an essentially lower
SOI wafer cost. In this paper, a systematic experimental in-
vestigation of the high-temperature characteristics of MOS
transistors realized on thinned ZMR SOI films has been per-
formed. The presented results demonstrate the suitability
for high-temperature applications of MOS devices fabricated
on sufficiently thin ZMR SOI films.
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2. Device Fabrication

The SOI films used in this study were prepared by the laser
zone-melting recrystallization technique [6]. A linear molten
zone was formed by a high-power CW YAG:Nd laser A cir-
cular laser beam was transformed into a linear spot by using
special cylindrical lenses. The linear spot exceeds 100 mm in
length. In order to provide «a low thermal gradient regimey,
a wafer was heated up to 1300°C from the backside by a set
of halogen lamps. The scanning speed of the molten zone
was 1 mm/s. Recrystallization was performed in a single pass.

Recrystallized structure was composed of a 0.4-um thick
polysilicon film deposited on an oxidized silicon wafer and
covered by a SiO, cap layer to prevent agglomeration of the
molten zone.

The obtained ZMR silicon films consisted of a small
number of highly oriented crystals (grains) extended along
the whole wafer and having (100) orientation with <100>
axes close to the scan direction. The main defects in such
films are low-angle grain boundaries (sub-boundaries).
which are associated with misorientations of 1 deg or less
and spaced 10—20 pm from one another.

After the recrystallization process the silicon films were
thinned by oxidation and oxide etching. The final silicon film

101



V.S. Lysenko et al.: High-temperature characteristics of zone-melting...

thickness was adjusted to 0.15 pm. N- and p-channel en-
hancement-mode devices were fabricated using a standard
polysilicon gate CMOS process. For comparison purposes,
devices were also fabricated in 0.4 pm-thick silicon films.
Gate electrodes in both p- and n-channel devices are
n*-polysilicon. The gate oxide and buried oxide thicknesses
are 0.08 and 1.0 pm, respectively. Long channel devices (L =
=20 pm) are used to avoid short channel effects. The dop-
ing level of the channel region is 1x10'¢ cm? for both p- and
n-channel devices. Given doping level was used to ensure
full-depletion operation of the devices with a 0.15 thick sili-
con film up to 300°C. P-channel devices were formed also on
undoped silicon films having a residual donor concentra-
tion of 2x10" cm™.

For comparison, the measurements were also performed
on SIMOX MOSFETs fabricated on commercially available
SIMOX SOI wafers with 0.4 pm buried oxide. The gate oxide
and silicon film thickness in SIMOX devices are 0.03 and
0.08 pm, respectively. The doping level of the channel re-
gion is 5%10' cm?,

3. Device Parameters

Temperature-dependent MOSFET parameters were obtained
from the measurements of drain current (/,) versus the front-
gate voltage (Vg) measured for different drain voltages (V)
and back-gate voltages (Vgh) at various temperatures. The 1,
4 gf)-characteristics of the n-channel device measured at
various temperatures are shown in fig. 1 in a semilog scale
for 7.

A. Transconductance and Mobility

Fig. 2 shows static front-gate voltage transconductance
characteristics measured for n- and p-channel devices in the
ohmic region of operation at various temperatures. The nor-
malized transconductance curves actually represent the ef-
fective field-effect mobility. The transconduc-tance peak is
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Fig. 1. Drain current vs front gate voltage characteristics of the n-
channel SOl MOSFET with a 0.15-pum silicon film (Z/L = 500/20)
measured at various temperatures with ¥, =3 V and V= ov
(bold line ) and V= —10 V (thin line).
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proportional to the low-field mobility, and the position of
the transconductance peak is roughly located at the thresh-
old voltage V. The decrease in the transconductance fol-
lowing after the peak is associated with the mobility reduc-
tion caused by the increase of the normal electric field in the
inversion channel. The effective mobility u e/fis usually given
by the empirical law: [7]

W = Mo
eff 1+00V, -V,) (1)

where (4, is the low-field mobility, 8is the mobility reduction
factor.

The low-field mobilities in n- and p-channel devices ex-
tracted from the transconuctance curves g ( V) for
V,=V,are shown in fig. 3 as a function of temperature. For
reference, the mobilities obtained in SIMOX SOI MOSFETs
are also plotted on the same figure. One could expect that
the mobility and the mobility reduction factor in ZMR SOI
MOSFETs would be adversely affected by subgrain bounda-
ries and the surface waviness inherent to ZMR silicon films.
However, as can be seen from fig. 3, the carrier mobilities in
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Fig. 2. Front-gate transconductance characteristics measured for
n-channel ZMR SOI MOSFET (a) and p-channel ZMR SOI
MOSFET (b) in the ohmic region of operation at various tempera-
tures (Z/L = 500/20, dg; = 0.15 pm, ¥,= 100 mV, V,, =0 V).
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Solid line: ZMR SOl (N=1x10"°)
Dashed line: SIMOX (N=7x10")
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Fig. 3. The temperature dependence of the low-field mobilities
obtained from the transconductance curves for V= of V,inn- and
p-channel ZMR and SIMOX SOI MOSFETs (V =0 V)

ZMR MOSFETs are rather high and even exceed the mobil-
ity values in SIMOX devices (the latter can be attributed to
the reduced doping level of the ZMR silicon film). This means
that subgrain boundaries have little or no effect on the car-
rier mobility, at least at room and elevated temperatures.
From fig. 3 it follows that the carrier mobility in ZMR SOI
devices varies with temperature as in SIMOX SOI or as in
bulk devices [2-5]:

o (1) =Hy @7 T, T @

withm=1.7-1.9.

The temperature dependence of the mobility reduction
factor is shown in fig. 4. The values obtained for the mobil-
ity reduction factor 8 in ZMR MOSFETs are 2-3 times
greater than typical values reported for SIMOX devices,
which is most likely due to the surface roughness of the
ZMR silicon film. From Fig. 4 it can be noted that the mobil-
ity reduction factor decreases with temperature in a similar
way similar to SIMOX SOI devices [4]. This is due to a
lowering of the perpendicular electric field in the inversion
channel.
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Fig. 4. The temperature dependence of the mobility reduction

factor 6 in p- and n-channel ZMR SOI MOSFETs V,=0V).
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B. Threshold Voltage

The temperature dependence of the threshold voltage ¥, in
a bulk or partially depleted SOI MOSFET (on the assump-
tion that the Si bandgap and oxide charge density are inde-
pendent on temperature) can be written as [1]:

d‘/[,h _ d(pF 89'1
dT ~ % \/kTElln(N/n)% ©)

where @, is the Fermi potential, Cof is the front gate oxide
capacitance, N is channel doping, #, is the Si intrinsic con-
centration, and the other symbols have their usual meaning.
In bulk or partially depleted SOI devices the threshold volt-
age shift with temperature is predominantly due to the vari-
ation of the depletion layer width in strong inversion (the
second term in brackets), which does not happen in fully
depleted SOI devices. The temperature coefficient of the
threshold voltage dV, /dT in SOI fully depleted devices with
depleted back interface is expected to be approximately equal
to d®,_/dT [1]. As a result, the variation of the threshold
voltage with temperature in SOI fully depleted devices is at
least two or three times less than that in bulk devices (de-
pending on channel doping and the gate oxide thickness)
[1-3].

Fig. 5 shows the temperature dependence of the thresh-
old voltage for n- and p-channel devices with a
0.15- pm-thick silicon film. For n-channel devices at tempera-
tures below 200°C dV, /dT is equal 0.9 mV/'C, that is in a
good agreement with the value of 0.89 mV/C predicted by
equation (3). For p-channel devices dV, /dT is about
1.5 mV/’C, that is higher than the predicted value. However,
the temperature coefficient of the threshold voltage in both
n- and p-channel SOI devices is essentially lower than is
predicted to be in a bulk device ( for a given gate oxide
thickness and channel doping of 1x10'° cm? the dV, /dT
should be about 3 mV/°C). The increase of dV, /dT above
200°C in the devices with channel doping of 1x10'® cm™ is
believed to be caused by the transition of the devices from
the fully depleted to the partially depleted mode [1]. A simi-
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Fig. 5. The temperature dependence of the threshold voltage for n-
and p-channel devices with a 0.15 pm silicon film measured for
V,=100mV, V,,=0V.
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lar increase of the dV,/dT is observed in the devices with
channel doping of 2x10" ¢m?, which are certain to remain
fully depleted (by a conventional definition) up to 300°C.
This is likely due to the fact that the strong inversion model
[8] is no longer valid when the silicon film becomes near-
intrinsic.

C. Subthreshold Slope

The subthreshold swing (inverse subthreshold slope) in a
SOI MOSFET is given by the following expression
[7,9]:

dV. O
=9 = 7[]1 (10)[% lf +G Elg 4)
d(logID) q Cr)f

where C,=qN, is the capacitance due to the front interface
state densny N C, is the capacitance of the depleted sili-

_ &g
con film Cu d (d is the silicon film thickness), O is the

coupling coefﬁ01ent, which accounts for the back interface
conditions, for the case of accumulation at the back inter-
face a = 1, for the case of depletion at the back interface:

— Cob + Ctb
Cd + Cr)b + CII) ’ (5)
with C, = gN, being the capacitance due to the back inter-

face state density N,. From eq. (4), in a fully depleted SOI
device, S is expected to increase linearly with temperature.
The experimental temperature dependence of the sub-
threshold swing measured in the ZMR devices with channel
doping of 1x10'6 and 2x10' cm™ is shown in fig. 6. The
measurements are performed for zero back-gate bias. For
these conditions, when a weak inversion region is formed at
the front interface, the back silicon film interface is in deple-
tion. For this case, as follows from eqns.(4)—(5), the value of
S reflects the influence of the quality of both silicon film
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Fig. 6. The experimental temperature dependence of the inverse
subthreshold slope factor S in ZMR SOI devices with a 0.15 pm
silicon film (¥,= 100 mV, V= 0 V). The dashed line shows the
S(T)-dependence calculated from the classical model for fully de-
pleted SOI MOSFET with depleted back interface.
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interfaces. The dashed line in fig. 6 presents the S(7)-de-
pendence calculated ignoring the interface states at both
interfaces. One can note that at moderate temperatures ex-
perimental results agree well with calculation, indicating the
relatively low interface state densities at both interfaces. As
can be seen in fig. 6, the subthreshold swing exhibits the
expected linear temperature dependence only up to T< 150°C
and rapidly rises with further increase in temperature, in spite
of the fact that devices with such parameters should remain
fully depleted (by a conventional definition) up to 300°C.
Similar behavior of the subthreshold swing was reported in
the literature for SIMOX SOI devices [5]. Therefore, the ob-
served nonlinear S(7)- dependence at high temperatures is
unrelated to the SOI material used. It is probable that at high
temperatures eq. 4, which, in fact, is based on the depletion
approximation and a charge sheet model, is no longer valid.
However, this is beyond the scope of the present work.

D. Off-state Leakage Current

The increase in the off-state leakage current with tempera-
ture is one of the main factors limiting the upper operating
temperature of bulk silicon CMOS devices. Much smaller
high-temperature off-state currents are expected to be in
SOI devices due to smaller source-drain junction areas and
due to elimination of very large well-to-substrate junction
leakages.

In general case, the off-state leakage current (/, ) in an
enhancement-mode SOl MOSFET involves generatlon cur-
rent (I ) in the depleted region of the reverse-biased drain

Junctlon and diffusion current (1, ff) from undepleted portion
of the film:

_ W, (V)
L == d, X, (6)

9
where T, is the minority carrier generation lifetime, w, is the
generation layer width, Z is the device width.
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Fig. 7. The temperature dependence of the off-state leakage cur-
rent per unit gate width in ZMR SOI devices with a 0.15 and
0.4 pum-thick silicon film measured with both front and back gates
strongly biased in off-direction for [V (1= 3 V. The dashed line
shows the off-state leakage current in the SIMOX device.
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The diffusion current in a n-channel SOI MOSFET can
be written as[10]:

—q9Vp D ’ISz 2 q9(x)

ﬂ

(N

I diff =

where D is the electron diffusivity, T is the electron recom-
bination lifetime in the p-type Si film, ¢(x) is the potential
distribution across the Si film thickness in undepleted body
film.

The off-state current was measured as a function of drain
and back-gate biase at various temperatures. It was experi-
mentally observed that at high temperatures biasing the
back-gate in off-direction (or in accumulation) resulted in a
decrease in the off-current (approximately, by a factor of
three) followed by quasi-saturation (see fig. 1). Fig. 7 shows
the temperature dependence of the off-state current meas-
ured in ZMR SOI devices with a 0.15 and 0.4 pm-thick sili-
con film, when both front and back gates were strongly
biased in off-direction. Under these conditions the off-state
current reaches its minimum value. For comparison, the off-
state current measured in a SIMOX MOSFET for similar
conditions is shown on the same figure. One can see that at
high temperatures in the device with a 0.15 pm-thick film the
off-state current is substantially (more than an order of mag-
nitude) lower than that in the device with a 0.4 pm-thick film
and is only slightly higher than that in the SIMOX MOSFET.
At T=300°C for d;,= 0.15 um the off-state current per unit
gate width is only 0 SnA/um (V=3 V), that is 3—4 orders of
magnitude lower than that in bulk devices. Although at room
temperature, because of the relatively low value of the car-
rier generation lifetime (T =1 ps) in the ZMR silicon film, the
leakage currentin the ZMR SOI MOSFETs was larger than
in bulk devices [11].

It is seen from fig. 7 that in the device with a
0.15 pm-thick film in the temperature range 50—150°C the
I (T)-dependence follows n(T), suggesting the predomi-
nance of the generation current component. At tempera-
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Fig. 8. The calculated minority carrier concentration distributions
in SOI films with different film thickness and doping of
1%10'° cm* at T'= 300°C, when both front and back silicon film
interfaces are strongly accumulated.

®KO, 1(1), 1998
500, 1(1), 1998

tures above 150°C the off-current varies with temperature as
n(T), indicating that diffusion mechanism dominates. In the
device with a 0.4 pum-thick film diffusion current becomes
dominant at approximately 100°C. These results support the
view that in SOl MOSFETs at high temperatures (above 100—
150°C, depending on the drain voltage and the Si film thick-
ness) diffusion mechanism is responsible for the observed
off-state leakage currents. Therefore, the main trends of the
high-temperature off-current can be understood from the
analysis of eq. (7).

From eq. (7) it follows that in off-state of a SOl MOSFET
diffusion current is determined by the potential and minority
carrier concentration distributions, which vary with back-
gate bias and the Si film thickness. By numerical simulation it
has been shown that biasing the back gate in off-direction
results in a decrease in the total minority carrier density in
the Si film contributing in diffusion current [10]. This ex-
plains the observed back-gate voltage dependence of the
off-state current.

The Si film thickness dependence can be understood
from the analysis of Fig.8, which presents the calculated
minority carrier concentration distributions in SOI films with
different film thickness and doping of 1x10' cm™ at 7=300°C,
when both front and back gates are strongly biased in the
off-direction. Under these conditions both Si film interfaces
are in strong accumulation. For reference, the minority car-
rier concentration in quasi-neutral Si with the same doping
at the same temperature is shown by dashed line. It is evi-
dent that the carrier distribution in a SOI film is nonuniform
across the film thickness and highly depends on the film
thickness. Moreover, an average concentration is essentially
lower than n*/N , even in rather thick films. As a result, the
total minority carrier density (integrated over the film thick-
ness), which is responsible for off-state diffusion current,
exhibits a strong (nonlinear) dependence on the Si film thick-
ness, as shown in fig. 9. This provides an explanation for the
essentially different values of the high-temperature off-state
currents in SOI devices with different film thickness.
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Fig. 9. The total minority carrier density in a SOI film (with both
Si film interfaces strongly accumulated) as a function of the Si film
thickness calculated for different film doping levels for 7= 300°C.
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It can be seen from fig. 9 that in relatively thin-film de-
vices the off-state diffusion current should only slightly
depend or not depend on the film doping.

When analyzing the off-state leakage current, it worth
noting that the generation current is proportional to
l/T whereas diffusion current is proportional to
(1/1' )”2 Besides, from eq. (7) follows that in relatively short-
channel devices, in which the channel length (L) is less than
the carrier diffusion length (L, =./D, [¥,, ), diffusion cur-
rent and thus the high-temperature off-state current should
not depend on T or L . Therefore, in terms of leakage cur-
rent the silicon film quality is expected to be more important
at room temperatures, than at high temperatures, when dif-
fusion current is dominant.

From the above it may be concluded that the Si film thick-
ness is the key parameter to minimize the high-temperature
off-state leakage current.

4. Conclusion

The results presented in this paper demonstrate that the
ZMR SOI technology, which is cheaper than the SIMOX
technology, is suitable for fabrication of CMOS devices for
high-temperature applications. The parameters of long-chan-
nel thin-film SOl MOSFETs fabricated using the laser ZMR-
technique (with backside wafer heating up to 1300°C) are as
good as SIMOX devices. The subgrain boundaries present
in the ZMR SOI films seem to have little or no effect on the
carrier mobility, at least at room and elevated temperatures.
It is shown that the off-state .diffusion current in a SOI
MOSFET strongly nonlinearly depends on the Si film thick-
ness. Therefore, the Si film has to be thin enough to provide
sufficiently low off-state leakage currents at high tempera-
tures. It is also demonstrated that, in spite of relatively poor
carrier lifetime (T =] ps) in the ZMR silicon film, in the de-
vice witha 0.15 um-thlck silicon film at T=300°C for V=3V
the off-state leakage current is only 0.5 nA/um, that is 34

orders lower than in bulk Si devices. Moreover, preliminary
results have shown that optimization of the initial
recrystallized structure allows one to obtain sufficiently
uniform ZMR SOI films with 0.1 pm silicon film. Thus, fur-
ther improvement of high-temperature characteristics of
ZMR SOl devices seems to be possible.
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.-I1. Konanoac

Biooin enekmpo- ma komn'tomepnoi mexuixu ynieepcumemy Kanigpopnii, CLLIA

Pe3siome. [IpoBesieHi KpoITiTKi €KCIEPUMEHTAIBHI JOCIIKEHHS BUCOKoTeMneparypHux (25-300°C) xapakxrepuctrnk MOH Tpansuctopis
Ha 6a3i KHI-cTpykTyp, BUTOTOBJICHHX METOJOM 30HHOI J1a3epHOI nepekpucraiizanii. Po3nisiHyTa oBejiHka OCHOBHUX T€MIEpaTpHO-
3anexxHux napamerpis KHI MOH tpansucropis (oporoBoi Hanpyru, pyXJaMBOCTI HOCIIB, MiZAMOPOroBOro HaXmily Ta CTPyMY BUTOKY).
IIpoBeneHo MOpiBHAHHS OTPUMAHUX PE3y/IBTATIiB 3 TEOPI€I0 Ta aHAIOTIYHIMHE TapaMeTpaMHu IIPUIIaiB, CTBOPEHNX 3a gornomoroio 3IMOX
TexHouorii. [TokazaHo, 1110 IPH MiABUILEHNX TEMIIEPaTypax TOHKOILTIBKOBI TPAH3UCTOPH, OTPUMaHi JIa3ePHOI0 30HHOIO NIEPEeKpUCTaITi3aLli€}o,
BHSIBJSIFOTH BUCOKY PYXJIMBICTH HOCIIB 1 HU3bKI CTPYMH BHTOKY 3akpuToro Tpausucropa. [Ipu 7 = 300°C, mo 3Ha4HO MEpeBUIIyE
pobounii tiana3oH NpuiIaiB Ha 00’ eMHOMY KpeMHil, cTpyM BuToky B KHI Tpan3ucropax 3 miiBkoro Si ToBiuHOW0 0.15 MKM CTaHOBUTH
Bchoro nuuty 0.5 nA/um (upu ¥, = 3B), mo Ha 3-4 nopsaKa HUKIE THIOBHX BEJIMYUH JUIS NPUIaIiB Ha 00’ eMHOMY KpeMHii. HaBeneni
Ppe3ynbTaTH cBixdarh, mo ToHKi ik KHI, ctBopeHi MeTomoM na3epHoi 30HHOT ITepeKprcTati3ariii, MoKy Th YCITITHO BHKOPHCTOBYBATUCH
i ctBopeHHss KMOH IC nis BucokoTeMnepaTypHHUX 3aCTOCYBaHb.
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Pe3rome. IIpoBesneHO neTanbHOE SKCIEPHMEHTANBHOE HCCIE0BaHNE BhICOKOTeMMepaTypHbIX (25-300°C) xapaktepuctuk MOII
TpaH3ucTopoB Ha ocHoBe KHU-cTpyKTyp, M3rOTOBICHHBIX METOOM JIA3€pHOH 30HHOI MepeKpHUCTaLIH3ani. PaccMoTpeHo noBeneHne
OCHOBHBIX TeMIlepaTypHo-3aBucuMbIX napamerpoB KHHU MOII Tpan3ucTopoB (II0poroBoro HanpsKeHUs, OJBIKHOCTH HOCUTENEH,
HOANIOPOrOBOT0 HAKJIOHA M TOKa yTeukH). [IpoBeaeHo cpaBHEHHE MOIy4EeHHbBIX PE3yJIbTaTOB C TEOPUEH U aHAJIOTMYHBIMU [1apaMeTpaMu
npubopos, cozganuabix SIMOX texnonornei. IlokazaHo, 4TO IpH MOBBIICHHBIX TEMIIEPATypaX TOHKOIJICHOYHBIE TPAH3HCTOPEI,
OJTy4CHHBIE JIa3€PHOM 30HHON IIepEeKpUCTAIIIH3ALMEH, IPOSIBIIIIOT BBICOKYIO IIOABHJKHOCTH HOCUTEIEH U HU3KHE TOKU YTEUKH 3aKPhITOrO
tpanzuctopa. [lpu 7= 300°C, 3HaunTENbHO MPEBHIIAONIeH pabounii qruana3oH MpuOOpoB Ha 0OBEMHOM KpEeMHHUH, TOK yTeukn B KHI
TPaH3MCTOPaXx C TIeHKOH Si Tommunoi 0.15 MxM cocTanseT Beero b 0.5 nA/Um (mpu V= 3B), 4to Ha 3-4 opsiIKa HIKE THITHYHBIX
BEJINYHH IJIs TPHOOPOB Ha 00beMHOM KpeMHUH. IIprBeieHHbIe pe3yIbTaTsl CBUACTEIBCTBYIOT, 4To ToHKHE IuteHkn KHU, momydennsie
METOJIOM JIa3ePHOH 30HHOH MepeKPUCTAININ3AIMHI, MOTYT YCIICIITHO NCIOIb30BaThest Ayt co3ganust KMOIT IC nyist BBICOKOTeMIepaTypHBIX
MIPUMEHEHUH.
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