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In situ temperature monitoring is extremely important in plasma immersion ion implantdidin

of semiconductors. For instance, the silicon wafer must be heated to 600 °C or higher in separation
by plasma implantation of oxygen, and in the Plll/ion-cut process, the wafer temperature must
remain below 300 °C throughout the experiment. In this article, we present a thermocouple-based
direct temperature measurement system for planar samples such as silicon wafers. In order to ensure
reliable high-voltage operation and overall electrical isolation, the thermocouple assembly and wires
are integrated into the sample chuck and feedthrough. Hydrogen plasma immersion ion implantation
is performed in silicon to demonstrate the effectiveness and reliability of the device. Our
experimental results indicate that instrumental parameters such as implantation voltage, pulse
duration, and pulsing frequency affect the sample temperature to a different extent. The measured
temperature rise is higher than that predicted by a theoretical model based on the Child—Langmuir
law. The discrepancy is attributed to the finite-sample size and the nonplanar, conformal plasma
sheath. ©2000 American Institute of Physids$S0034-6748)0)02307-§

I. INTRODUCTION tiple points on the wafer. In addition, natural degradation and
contamination of the quartz windows between the pyrometer
nd sample by the plasma can introduce errors to the tem-
gerature measurement. We have developed a simpséu
temperature monitoring system using a thermocouple, and it
has been demonstrated to work effectively at low implanta-
Yion voltage(less than 20 kY8 Our initial success and the
eed for a high-voltage temperature measurement device for
SPIMOX and ion cut have prompted us to design a more
ersatile and robust system that can measure a wide tempera-

lon implantation is an effective surface modification and
processing technique for semiconductors, polymers, an
metals! An alternative method, plasma immersion ion im-
plantation(PIIl),>~° has recently emerged and is superior to
conventional beam-line ion implantation in several aspect
such as sample throughput and equipment cost. In additio
PlII circumvents the line-of-sight and retained-dose limita-
tions inherent to conventional beam-line ion implantation. In
many semlcor)ductor Pl appllcatlons, the effectiveness Ot/ure range at voltages above 50 kV.
the process hinges on precise control of the substrate tem-
perature in addition to the implantation voltage and ion dose.
Accurate and reliablen situ temperature monitoring in sepa- Il. HARDWARE
ration by plasma implantation of oxygé8PIMOX),*~* hy- The semiconductor PIII instrument in City University of
drogen Plll/ion cut®~*?and elevated-temperature Pifi;'*  Hong Kong comprises a vacuum chamber 1000 mm in
is crucial to the success. For example, the silicon wafer temheight and 750 mm in diameter, a radio-frequefr€yinduc-
perature must be kept at 600°C or higher in SPIMOXtively coupled plasma source, and a 100 kV, 300 A solid-
whereas in the hydrogen Plll/ion-cut process, the wafer temstate power modulator. Air-cooling and resistive-heating
perature must remain below 300 °C during implantation.  mechanisms are implemented on the sample holder to allow

For conventional beam-line ion implantation, tempera-for elevated temperature experiments such as SPIMOX or
ture monitoring or calculation is much easier on account ofow- (room) temperature PlIl work such as hydrogen PIll/
the low sample potentidusually at ground In contrast, for  jon cut. The target feedthrough is hollow to allow cooled,
PIII, the high sample voltage and secondary electrons galoreompressed air to circulate to the sample chuck and the room
impose a big hurdle for direct temperature measuremenakes it possible to integrate our temperature sensing device
Hence, remote temperature sensing techniques using pyronmto the sample stage. Figure 1 displays the schematic of the
eters have been more common in PlIl and they are generalgmperature monitoring system that is different from, and
quite safe to use’ However, in many practical semiconduc- also a big improvement over, the one reported by us edflier.
tor applications, this technique has several drawbacks, sucthe thermocouple head is screwed into the target platen
as limited temperature rangeaultiple pyrometers needed for about 3 mm away from the top surface. Multiple thermo-
a wide temperature rangeinterference due to electromag- couples can be installed if temperature information on mul-
netic field and plasma, as well as difficulty to measure mul+iple locations is required. Unlike the old design, the con-
necting wires are placed inside the stainless-steel tube

aAuthor to whom correspondence should be addressed: electronic maiP€neath the center of the t?rget pla_lten._On the upper part of
paul.chu@cityu.edu.hk the tube, a hole 3 mm in diameter is drilled for pumpifg.
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FIG. 1. Schematic of thén situ temperature measurement system in the . EXPERIMENT
plasma immersion ion implanter. ’

A. Heating and cooling mechanisms
rubber is used to seal the insulator and tube. The display With our new temperature monitoring device, we can

meter is placed OUtS'de_Of the lnstr_ument and covered by ﬁ'uvestigate the heating and cooling processes in Plll in much
metal net. One of the wires transmitting the temperature ing, e getail than before. Our initial control experiments with/

formation is connected to the net. This is very critical t0,yihqut high voltage and with/without plasma demonstrate
stable and reliable measurements. Arcing or sparking frég, s the negative potential and plasma have almost no influ-
quently takes place during PIIl, especially under high volt-g\ce o the measurement results. Our previous results show
age, and |rr]1duces a sudden change 'r? the potential differenggat quring PIll, the sample is heated mainly by the energetic
between the target and eafnodg. The meter is subjected ;g 4ccelerated by the plasma sheath and cooled naturally
to the same dynamic process, and if the potential differencg, - qyction and radiatioff. Figure 3 shows the measured
on the meter is more than 60 V, the meter can be damageg\yerature change in a Pl experiment using an implanta-

In our setup, the thermocouple wire contacts the shielding;,, voltage of 30 kV, pulsing frequency of 330 Hz, pulse
net surrounding the meter. Both components have the samg, -+ of 30 us, hydrogen plasma density of XaQ?

instantaneous potential no matter how the target voltage and <13 and working pressure of 3610 Torr. Our re-
electromagnetic field vary. As shown in Fig. 2, the shieldeds, ;s confirm that heating from the plasma without ion bom-
meter is located on an insulated capacitance divider. BY Pojarqment is very little. The temperature ramp rate is about

siioning and isolating the wires inside the sampleq 1 ocimin without ion bombardment compared to 10 °C/min
feedthrough carefully, our device functions very well even atyith implantation.

high potential(over 50 kV) and under severe arcing condi-
tions. This is a big improvement over our old system that,
only works below 20 kV.

According to Fig. 3, the temperature rise is almost lin-
arly proportional to the implantation time during the entire
voltage pulse, implying that the net heating power is nearly
constant. This is theoretically possible since cooling is deter-
mined by heat conduction through the holder and stainless-
steel tube feedthrough, and to a lesser extent radiation loss.
Both of these two heat loss mechanisms have only a minor
effect. The tube wall is relatively thin and there are only
three direct contacting points to the target platen, and so heat
loss by conduction is small. Cooling by thermal radiation is
also small when the sample temperature is low, like in the
temperature range shown in Fig. 3 since the radiation heat
loss is proportional ta. After the voltage pulse is turned
off, the sample temperature begins to decrease after a small
time delay from thermal inertia. The fall is basically consis-
tent with an exponential decay characteristic of radiation
cooling. At a higher temperature, the cooling rate is higher,
for instance, —3°C/min at 270°C vs—0.82°C/min at
150 °C. Hence, the rate of heat loss without ion-beam bom-
FIG. 2. Photograph of the high-voltage feedthrough underneath the PIIPardment(eve,n at ,270 °Cis much slower than that of the
vacuum chamber and the metetack object above the cylindrical oil con- (€Mperature rise with the voltage pulse on. The overall result
tainey. is that ion-beam-induced heating is the dominant phenom-
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FIG. 4. Sample temperature rise at two implantation voltages. . . .
P P P 9 FIG. 5. Relationship of sample temperature vs pulse duration. The upper

(empty circle curve is extrapolated from the first two data poi(it6 and 15
enon while heat loss in this temperature range is insignifi#s)' whereas the dotted line between 0 andu0is an artificial interpola-
cant, thereby leading to the observed linear increase ino™
sample temperature, even though the relationship is not ex- h i
pected to be linear at higher temperature due to higher heBPINts (10 and 15us). The dotted line between 0 and 16
loss. From the cooling behavior, it can be deduced that thés an artificial interpolation just to illustrate that the rate of
equilibrium temperature will reach about 500 °C if the pulsel©MPerature rise in this range is even higher.

width is increased. )
3. Pulsing frequency

Contrary to the temperature rise with respect to implan-
tation voltage and pulse duration, the relationship between
the temperature rise and pulsing frequency is almost linear,

. as shown in Fig. 6. At 100 Hz, the rate of temperature rise is
1. Implantation voltage 2.9°C/min, cor%]pared to 5.8°C/min at 200 I-I?z and 9.5°C/

As shown in Fig. 4, the implantation voltage affects themin at 330 Hz. Our results also indicate that it is much easier
ion heating power significantly and nonlinearly. At a con-to control the sample temperature rise by varying the pulsing
stant pulse duration and frequen@0 us and 330 Hg, the  frequency than the pulse duration.
rate of temperature rise is 3°C/min when the implantation
voltage is 15 kV compared to 9.5 °C/min at 30 kV. A factor |y p|SCUSSION
of 2 increase in the implantation voltage gives rise to a factor ) o
of 3 increase in the temperature ramp rate. At 30 kv, the From the above experimental results, the three main im-
sample will reach 300 °C within 30 min. This is the u|O|Oerplantatlor_1 parameters: |mplant_at|on voltage, pulse duration,
limit of the hydrogen Plllfion cut, otherwise premature sur-and pulsing frequency, have different effects on the sample
face blistering will occur. That is to say, the implantation {€mperature and temperature rise. Assuming that sample
process must end before 30 min if the above parameters af§ating results primarily from energetic ion bombardment
used, or the pulse duration or frequency must be reduce@nd that all the ions in the sheath are implanted into the
The latter processes will increase the implantation time,

B. Influence of temperature rise by implantation
voltage, pulse duration, and frequency

making PIIl less attractive compared to beam-line ion im- 120
plantation. If shorter time is needed to increase throughput.~
the plasma density, pulse width, and/or pulsing frequency$ 100 7 e 330Hz
must be increased, but an efficient sample cooling device— -~ O 200Hz
must be installed. g 807 —v- 100Hz
32 o
3 601 o
2. Pulse duration 3 o
Figure 5 demonstrates the effect of the pulse duration or% 401 -
the sample temperature rise. Although the temperature in-g’ 20 |
creases when the pulse duration is longer, the relationship i+ dT/dt=k*f ( Model and this work )
nonlinear but different from that with the implantation volt- ' . . . .
age. When the pulse width is small, the temperature rise is 0 5 4 6 8 10 12

more sensitive to the pulse duration variation. The rate of
temperature increase is progressively smaller at longer pulse
width, as indicated by an extrapolation of the first two data  FIG. 6. Sample temperature rise for different pulsing frequencies.

Treatment time, t ( min )
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surface with energy oé\,, the heating power can be de- are integrated into the sample chuck to provide better isola-
rived from the Child—Langmuir lak’~?! The sheath thick- tion from the plasma environment. The device has been

nessS;, is calculated b¥f tested to function reliably at voltages exceeding 50 kV. Us-
5 13 ing this direct temperature monitoring device, the heating
St=So(50pi+ 1) oy and cooling phenomena during PlII, and the influence of the

where w,; is the ion plasma frequency ar} is the ion- ~ Sample temperature by the sample, high voltage, pulse width,
matrix sheath thickness. Thus the eneWjydeposited into a as well as pulsing frequency are investigated. The sample

unit area by the ions in a single pulse is temperature is more sensitive to implantation voltage varia-
tion, whereas the rate of temperature change is linear versus

W=n;SeVo, 2) pulsing frequency. Our experimental results also indicate

where n; is the plasma density. The average ion heatinghat the ion heating power derived from the Child—Langmuir
power P e IS law by assuming ion bombardment to be the main heating

mechanism and a planar sheath underestimates the effects of
Pave=fW, 3) the implantation voltage and pulse width. The discrepancy
wheref is the pulsing frequency. can be explained by the nonplanar and conformal plasma
If we ignore the instantaneous dynamic ion heating pro-sheath for a finite-size sample.
cess for simplicity?® the deposited energy can be calculated
by the sheath width at the end of the pulg, Thus, ACKNOWLEDGMENTS
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wheree is the ion chargeg, is the free-space permittivity,
and M is the ion mass. For a typical set of implantation
parameters, e.gn;=1.0x10'%m? H," plasmat,=10 us,

%(neZ/eOM)O'Stp> 1, Eq. (4) can be 3|mpI|f|ed to be J. S. Williams, R. G. Elliman, ar_ld M. C Ridgwalpn Beam Modification
of Metals(North-Holland, Elsevier Science, Amsterdam, 19096
— (2\1/351/2,5/6 _1/3¢1/3) g — 1/6¢y 71.5-2/3 2J. R. Conrad, J. L. Radtke, R. A. Dodd, F. J. Worzala, and N. C. Tran, J.
Pave=(5)'°21%%; ;"M "5 Vg™ ®) Appl. Phys.2, 4951(1987).
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