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Surface effects in ultrathin single-crystal silicon cantilevers of 170 nm thickness, which are optically
actuated mainly by the light pressure effect, are investigated under ultrahigh vatitdxn)
condition. Annealing the cantilevers at 1000 °C for 30 s in UHV results in an over 1 order of
magnitude increase of the quality fact@ facton, up to about 2.5 10° for cantilevers of 30—90

pm in length. The improvement @& factor was found to be associated with the deoxidization of
the surface, as determined by x-ray photoelectron spectroscopy. These results suggest that the
surface effects in the ultrathin cantilevers dominate their mechanical behavior. With the promising
mechanical behavior, the cantilever can be easily actuated by a laser(beam size: about 300

X 100m?) with power down to less than 40W at a wavelength of 680 nm, corresponding to 480
nW, i.e., 1.64& 10*?photons/s, irradiated on the cantilever surfaceX6Q.m?). This provides a
rather simple way to operate the ultrathin cantilevers dynamically in UHV. Atomic scale force
resolution (4.& 10 1'N) at 300 K is also expected with these cantilevers. 2@00 American
Institute of Physicg.S0003-695(00)03749-9

Ultrahigh force sensitivity and fast response of the canimportant not only for the improvement of tig@ factor, but
tilever are crucial points for the achievement of atomic scalelso for a stable operation of the cantilever dynamically un-
force resolution in scanning probe microscd®PM), force-  der a certain environment. In this letter, we actuate 170 nm
detected nuclear magnetic resonarib®IR), and electron thick single-crystal Si cantilevers by a laser beam with a
spin resonancéESR).1~3 The force resolution achievable for power less than 4QuW at a wavelength of 680 nm, and
a freely vibrating cantilever is limited by the thermome- measure th€) factor under various surface conditions of the
chanical noise in the mechanical system. Setting the minicantilevers. HighQ factors up to the 10range with corre-
mum detectable forcéF ,, equal to the effective noise force sponding ultrahigh force sensitivity of about 480~ N at

SF min can be described 4s room temperature can be achieved by our ultrathin cantile-
vers with clean and stable surfaces.
SF rin= 1 /4kkBTB' (1) With the above considerations in mind, first an ultrahigh
woQ vacuum(UHV) system with a preparation chamber for sur-

. . face treatment and a laser Doppler chambeririositu me-
wherek is the spring constankg the Boltzmann constant,  chanjcal properties measurement of the cantilevers was built
the temperatureB the bandwidth,w, the resonance fre- up, as shown in Fig. 1. The vacuum is maintained at

quency, andQ the quality factor Q factor). Equation(1) (1-2)x 10" ©mbar, while it is lower than X 10~ mbar

indicates that a low spring constant, a high resonance fré;,ing sample treatment. The good vacuum condition en-
quency, and a higi v:?llue are essential for Measuring an gpes the clean surfaces of the cantilevers to be preserved
ultrasmall force at a given temperatur.e. For cantilevers Oguring measurement. After annealing at 600 or 1000°C in
rectangular shape, scaling down the thickness apd length _thie preparation chamber, the sample was transferred to the
favorable for the former two demands, respectively, but ItIaser Doppler chamber by a linear motion transfer. A 680 nm

Seems _Q;Ot to be advantageous for Qefactor. Recent laser beam emitted from a laser diod€>) was reflected by
articles® have suggested that tifactor decreases propor- : R : .
a mirror before impinging on the cantilever through an opti-

tionally to the cantilever thickness because the surface—'[o(—:al window of the UHV system. The mechanical resonance

volume ratio increases, therefore the surface loss become? the actuated cantilever is detected by the laser Dopple
dominant in a thinner cantilever. Thus stronger efforts should ctua NEver1s ¢ y aser Loppler

be made to clarify the role of the surface effects. This jgSystem apd aqalyzed by a network analyzer, which also out-
puts a drive signal to modulate the pump frequency of the

LD and thereby drives the cantilever into oscillation. Com-
dAuthor to whom correspondence should be addressed; present addre

. ; ared to other experimental arrangements, e.g., piezo actua-
IMTEK-Institut fur Mikrosystemtechnik, Albert-Ludwigs-Universtta % P 9 9. P

Georges-Kohler-Allee 103, D-79110 Freiburg, Germany; electronic mail:tion’ the_ optica! actuation simplifies the dynamic operation
jyang@imtek.uni-freiburg.de for cantilevers in UHV condition. The output power of the
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andQ factor of a 48um long cantilever annealed at 1000 °C
for 30 s was investigated and is shown in the inset of Fig. 2.
By increasing the LD output power, the measuf@d/alue

and vibration amplitudénot shown heredecrease sharply,
He-Ne Controller of while resonance frequency increases slightly. This observa-
laser vibrometer tion indicates that the “soft spring” effetbccurs when the

Monitor

Microscope | i_ ultrathin cantilever is irradiated with a higher laser power,
that is, actuated by a stronger actuation force. In order to
o Mirror Network ensure that the measurements were undisturbed by the soft
Objective lens \ analyzer spring effect, we limited our experiments to a laser output
Sample power of approximately 4QuW. The corresponding input
- pump current for the LD is 20—30 mA, close to the minimum
Preparation threshold (- 15mA) of the LD. For all cantilevers with dif-
chamber ferent lengths, the laser output power of about MY is
Laser Doppler Wave enoug.h to excite and mf'iintain a stgble resonant vipration,
chamber converter revealing good mechanical properties of the cantilevers.
Linear Considering the laser beam size of about 8000xum?,

holder motion such a power level indicates that the laser power distributed
transfer on one 60um long and 6um wide cantilever is about 480
nW. Thus, the number of photons incident on this cantilever

Feedthrough »

FIG. 1. Schematic diagram of UHV system consisting of a preparationsuncace per unit time can be estimatedrasp)\/hc= 1.64
chamber, a measurement chamber, and laser Doppler measurement loop: i
% 10*?photons/s, wherep=480nW, A=680nm, h is
Planck’s constant, and=3x 10®m/s.
LD was calibrated versus input pump current by using a  The feasibility of optically actuating the $i, cantilever
GaAs power meter located in front of the window of the has been demonstrated, and the result suggests that a light
UHV system. The calibration result is given in Fig. 2. pressure effect rather than photothermal effect plays a major
Cantilevers 13—9@m long and 170 nm thick have been role at room temperatur® We found that our cantilevers
fabricated on S{100-oriented[separated by implanted 0xy- can be actuated optically even when the temperature is raised
gen(SIMOX)] wafers. Length to width ratio for all the can- yp to about 780°C. In this case, the temperature gradient
tilevers studied is about 10:1. Details of the fabrication prO-a|ong the cantilever thickness direction induced by the pho_
cess haVe been described in Ref 5. Th|S fabrication proce$§therma| effect could be Very small Compared to the Samp|e
resulted in cantilevers without any observable curvature Untemperature. This fact suggests that the photothermal effect
der optical microscope. contributes much less to the actuation of Si cantilevers than
The laser power dependence of the resonance frequengye light pressure effect. Thus, we think that the cantilevers
are mainly driven by the light pressure effect. Assuming that
the momentum transfer of the absorbed photons can be ne-
88.540 glected in comparison with the contribution of the reflected
12.0x10 photons, for the above-mentioned @0n long and 6um
88.538f - ] 5 wide cantilever, the light pressure force could be roughly
e8.5361 15x107° estimated by F=((1+R)hn/\)X cosa=1.07x 10" 15N,
1.0x10 5 8 whereR=0.34 is the reflectance of Si at a wavelength of 680
4 nm, a~60° the light incident angleh is the Planck’s con-
15.0x10 stant, anch the incident photon number per second.
88.532¢ - Figure 3 shows the length dependenceQofactor for
100 cantilevers under different treatments in the UHV chamber.
20 30 40 50 60 The freshly fabricated cantilevers ha@efactors around 19
with little dependence on their length. This result is consis-
tent with our previous studyFor the ultrathin single-crystal
silicon cantilevers operated in UHV or high vacuum condi-
tion (~10 ®Torr), air damping and internal friction are
negligible. The shorter the cantilevers:80um), the lower
or v« Vv T the Q factors due to obvious support [05¥he Q values are
\ . . i . independent of cantilever width, but proportional to the
10 20 30 40 50 60 thickness because of the dominant surface dissipation. For
Input current (mA) cantilevers 30—9Qum long, annealing at 600 °C for 30 min
in UHV increases th€) factor by 1 order of magnitud@énto
FIG. 2. Input pump current dependence of laser power before the UHthe 10 range. Subsequent annealing at 1000°C for 30 s

optical window. Inset shows resonance frequency @nidctor of a 48um ; tBev _
long, 5 um wide, and 170 nm thick cantilever as a function of input pump causes a further increase of alues by a factor of 2-3.

current of LD. The “soft spring” effect induces sharp changes in resonanceKeeping the sample in UHV for about 24 h after annea”ng at

frequency and th€) factor, as can be clearly seen at 30—40 mA. 1000 °C obviously reduces th@ factors of all the cantile-
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FIG. 4. Monotonic dependence f factor on O/Si ratio for three 170 nm
FIG. 3. Q factor of a set of cantilevers, 170 nm thick and 13-+8@ long thick cantilevers with lengths of 16, 56, and g@n (length to width ratio
(length to width ratio of 10:Lon one chip. UHV annealing leads to signifi- 10:1), respectivelyQ factor and O/Si ratio were determined toysitu laser
cant increase of factor, up to about 2.8 10° for 30—90um long cantile- Doppler measurement and XPS, respectively, after annealing at 1000 °C for
vers annealed at 1000 °C for 30 s. 15, 30, 45, and 60 s.

Length (pm)

vers, which suggests that the chang®iffiactor is caused by data in Ref. 5,wo=27x50kHz, k=4.4x10 3N/m, and
surface modification rather than annealing effect. These réB=1 Hz, the minimum detectable force is 4807 ''N at
sults indicate that the ultrathin cantilever is seriously sub+oom temperature, which is suitable for the ultrasensitive ap-
jected to the surface effect. According to the reports on thelications in SPM, NMR, and ESR. Our present research
cleaning of the 100 surface in UHV!'!? annealing at reveals that scaling down the size of the cantilever does not
600 °C in UHV could remove some absorbates on the cantinecessarily mean suppression of tQefactor, and that a
lever surface, e.g., #0 and some organics. Flashing at higherQ factor and thus higher force sensitivity are achiev-
1000°C for a short time will further clean the surface by able if the proper surface treatment and passivation process
desorbing most of the organics and some Siodify the ~ such as H terminatidnare adopted for the ultrathin micro-
surface structure and thus the surface stress, which could wantilever.
related to the surface energy dissipation. . )
Moreover, in order to get further insight into the surface  1he authors thank Professor Oliver Paul for his com-
modification during annealing of the samples, one large pat€nts on their manuscript. This work was supported in part
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terned chip was annealed in UHV at 1000°C for 15 s four2uSiness LaboratorfvBL) in Tohoku University.
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