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ABSTRACT

Very high frequency (VHF) nanoelectromechanical systems (NEMS) provide unprecedented sensitivity for inertial mass sensing. We demonstrate

in situ measurements in real time with mass noise floor ~20 zg. Our best mass resolution corresponds to ~ ~7 zg, equivalent to ~30 xenon
atoms or the mass of an individual 4 kDa molecule. Detailed analysis of the ultimate sensitivity of such devices based on these experimental

results indicates that NEMS can ultimately provide inertial mass sensing of individual intact, electrically neutral macromolecules with single

Dalton (1 amu) resolution.

Electromechanical devices, especially those at the nanoscalel0%° Torr. As shown in Figure 1a, a minute, calibrated,
offer new prospects for a variety of important applications highly controlled flux of Xe atoms or Nmolecules is
ranging from electronic communications to fundamental delivered to the device surface by a mechanically shuttered
sciencé. In particular, electromechanical sensors are ubig- gas nozzle within the apparatiisThe nozzle has an orifice
uitous, having a long history of important applications in with a 100um diameter aperture, which is maintainedrat
many diverse fields of science and technology. Among the ~ 200 K by heating it with~1 W of power to prevent
most responsive are sensors based on the acoustic vibratorgondensation of the gas within the orifice and its supply line.
modes of crystal$? thin films,* and, more recently, micro- ~ Gas is delivered to this nozzle from a buffering chamber
electromechanical systems (MEMS)and nanoelectro-  (volumeVc = 100 cn# for the N, experiments, and 126 ém
mechancial systems (NEMS§.Two attributes of NEMS  for the Xe experiments), in turn maintained at temperature
devices-minuscule mass and high quality facto@){- Tc = 300 K. Prior to the commencement of a run, this
provide them with unprecedented potential for mass sensing.chamber is pressurized with the species to be delivered and
demonstrated by recently achieved femtogrand attogram  then sealed to allow escape only through the nozzle.
resolution? Attainment of zeptogram (1 zg= 107?* g) Thereafter, the rate of pressure decreafe/ot, which is
resolution shown herein opens many new possibilities; amongcontinuously monitored, is proportional to the total adsorbate
them is directly “weighing” the inertial mass of individual,  gglivery rate from the gas nozzle to the NEMS sensor, i.e.,
electrically neutral macromolecul@sSuch sensitivity also  the number of incident atoms or molecules per unit time.
enables the observation of extremely minute (statistical) masSthe total number flux of gas atoms or molecules out of the
fluctuations that arise from the adsorption and desorption of \4;7|e in steady state is given byo/at = V(3Po/at)/ (ke To).

atomic species upon the surfaces of NEMS devices - . S
rocesses that impose fundamental sensitivity limits upon As shown in Figure lixeal timemass sensing is enabled
P b y P by the incorporation of the NEMS device into a low-noise

12 initi
ganﬁgacséigajvsenjgzsr'mAmsazg Igg:f?sl,irslte%;ogr?rfeglgs\?vith frequency-modulated phase-locked loop (FM-PLL) circuit
PP ’ P g exp designed to lock onto, and to track, the minute mechanical

gaseous species adsorbed on the NEMS surfaces at the . . .
zeptogram scale. resonance signal embedded in large eIectngaI bapkgroupd.
All the experiments are dorie situwithin a cryogenically This circuitry and its operation are described in detail

4o L ) .
cooled, ultrahigh vacuum apparatus with base pressure belowf Isewheré: Bnef!y, as ShO.W” in Figure 1b the FM. PLLis
iImplemented using a radio-frequency (RF) carrier at the
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Figure 1. (a) Experimental configuration. A gas nozzle with a 100 aperture provides a controlled flux of atoms or molecules. The flux

is gated by a mechanical shutter to provide calibrated, pulsed mass accretions upon the NEMS device. The mass flux is determined by
direct measurements of the gas flow rate, in conjunction with effusive-source formulas for the molecular beam emanating from the nozzle.
(b) Frequency-modulated phase-locked loop (FM-PLL) scheme. The mechanical resonance is detected in a reflection scheme, by using a
directional coupler (CPL). The reflected signal is amplified, phase-shiff@dand mixed down®). We modulate the carrier at 1.2652

kHz and employ a lock-in amplifier (Stanford Research Systems SR830) for demodulation. The resultingsoufpovides the analog

feedback to the VCO (Hewlett-Packard HP8648B). A computer-controlled parallel digital feedl@cks (implemented for applications

requiring a large locking range.

response, which results from the ubiquitous electrical back- after cryogenically cooling the devices. The mass deposition
ground in which the electromechanical resonance of therate is given by
NEMS is embedded, is nulled out. In our experimental setup,
the carrier is frequency modulated at 1.2652 kHz by the IMp/at = m(IN,/at) = mA,(IN/at)/zL? (1)
reference oscillator of a lock-in amplifier (Stanford Research
Systems SR830). The mechanical resonance is detected bywherem is the mass of adsorbed speciesd = 131 amu,
magnetomotive detection via a reflection bridge; the signal my, = 28 amu),0Np/dt anddNc/at are the number deposition
is coupled in and out of the device by a directional coupler. rate and the total number flux from the nozzle, respectively,
The modulated signal from the NEMS device is subsequently the factor,Ap/L?, is the solid angle of capture subtended by
amplified by a low-noise amplifier, phase-shifted, and mixed the surface aredp, of the device exposed to the flux, and
down to an intermediate frequency (the modulation fre- L is the distance between the device and nozzle orifice. We
quency). The lock-in is employed to detect the signal assume the arriving species adsorb with unity sticking
amplitude at this latter frequency. To close the analog probability; for our operating temperatures and choices of
feedback loop, the output of the lock-in amplifier is fed as Xe and N, this is a reasonable assumpti§he weighting
a control voltage to the voltage-controlled oscillator (VCO) factor 14z accounts for the cosine-distributed beam profile.
(Hewlett-Packard HP8648B). This imposes a proportional For the N deposition onD190 dNc/ot = 2.25 x 1012
control with a frequency cutoff proportional to the inverse molecules/sL = 2.37 cm, andAp, = 3.45 x 1013 m?,
time constant of the lock-in. In addition, a digital feedback yielding aMp/ot = 20.5 zg/s. For the Xe deposition experi-
loop is established through a computer interface, which ments onD133 oN¢/ot = 2.81 x 10 atoms/s,L = 1.86
periodically checks the (digital) output of the lock-in  cm, andAp = 3.45x 10713 m?, these values yieldMp/ot =
amplifier, computes a correction, and resets the center195 zg/s.
frequency of the VCO accordingly. Effectively one has a  We first demonstrate thesal time in situ, zeptogram-
discrete integral control, extending the locking range beyond scale mass accretion updd190, resulting from pulsed
the natural width of the resonance. We use it to follow the delivery of N, molecules afl = 37 K, as shown in Figure
frequency shift induced by large changes in device mass over2. With a mass deposition rai#p/ot = 20.5 zg/s, sequential
extended measurement intervals. openings of the shutter fd s intervals provide a series of
With this measurement scheme, data are obtained from100 zg accretions. The resulting discretely stepped frequency
two different NEMS resonators operating in their funda- shifts tracked by the FM-PLL confirm sequential, regular
mental out-of-plane flexural mode: a first device (hereafter, steps of mass accretion (eaefl00 zg, i.e.,~2000 N
D133 with fundamental resonant frequenfgy= 133 MHz molecules)’ The mass resolutiodM is set by the standard
and dimensions, 2,3m (I) x 150 nm ) x 70 nm ¢), and deviation of frequency fluctuations on the plateaus
a second (hereaftdd190) with fundamental resonant fre-
quencyf, = 190 MHz and dimensions, 28m (1) x 150 OM = ofl| 7| = [f — £.)°0V%| ) 2)
nm (W) x 100 nm ). Both devices are doubly clamped
beams patterned from SiC epilayétsyith a quality factor Here| 7| = |dfo/dMer| is the mass responsivity of the device;
of Q ~ 5000 in the temperature range of the present Met and f, are the effective vibratory mass and resonant
measurements. frequency of the device, respectively. The data of Figure 2
For the experiments described below, the NEMS devices demonstratedM ~ 20 zg for the 1 s averaging time
are maintained at high vacuuns{0~7 Torr) at T = 300 K employed.
for more than 1 day prior to our mass accretion studies. The mass responsivities for the devices are directly
Subsequently, the experiments are carried out immediatelydetermined from such pulsed atom or molecule deposition
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N which yields~0.89 Hz/zg forD133 (M ~ 73 fg) and~0.99
Sy Hz/zg for D190 (Mey ~ 96 fg) &2
-200 *. J 1 Our highest mass resolution, at present, is demonstrated
00l ) ~100zg | with D133 stabilized atT = 4.2 K!8 Exceptionally small
.V* A fractional frequency fluctuationdf/fo = [{f — fo)2¥3/fo ~ 5

-600 : x 1078 (50 ppb) are observed over the course of4000 s

800l ] interval with 1 s averaging time (right inset of Figure 3).
“ This demonstrates attainment of a mass resolutiaivbf-

e 7 zg, equivalent to accretion o¥30 Xe atoms or, alterna-

e 8 tively, of anindividual 4 kDa macromolecule. Usinges ~

0 50 100 1,50 200 250 300 350 73 fg, Q ~ 5000, and dynamic range DR 80 dB, such a

Time (sec) mass resolution is consistent with the estimated value 2.9
Figure 2. Real timezeptogram-scale mass sensing experiment. 29 from the expression
Sequential mass depositions are execitesitu upon the 190 MHz
vice within a cr nic ultrahigh v m r . The resultin
?riqﬁgncyt/ shffltco)flotﬁg l\fEul\/tIé51 dgviczcil;utrailegg r;gtjlstimeebyesaUt ’ OM ~ (Mg Q)loiDR/ZO 3)

very high frequency (VHF) phase-locked loop. Each step in the

data corresponds to &100 zg mass accretion~000 N . . . .
molecules) resulting from opening the mechanical shutter for 5 s, @ described by Ekinci et &lOur current dynamic range is
The root mean square frequency fluctuations of the system determined, at the bottom end, by the noise floor of the

correspond to a mass resolutioh ~ 20 zg for the 1 s averaging  posttransducer readout amplifier of the NEMS device and,
time employed. at the top end, by the onset of nonlinearity arising from the
- a : Duffing instability for a doubly clamped beath With our
current experimental setup, we are able to track mass
accretions up to a total 6f2.3 x 1P xenon atoms 0190,
with no observable change in the quality factor. This

, confirms a remarkably large mass dynamic range from a few
P otme ] kilodaltons (or several zeptogram sensitivity) up to at least
the ~100 MDa range, corresponding to femtogram-scale
accretions?

In conclusion, we demonstrate NEMS mass sensing at the
zeptogram scale. The agreement between predicted values
for both the mass responsivity?| and mass resolutiofiM
confirms our analyses and validates their use in projecting a
Figure 3. Mass responsivities of nanomechanical devices. The path to single-Dalton (1 amu) mass resolution from €q 3.
mass responsivities (resonant frequency shifts versus accreted masttainment of this goal is possible, for example, with a device

are measured for two VHF NEMS devices (operating at 133 and : ;
190 MH2). Xe atoms are accreted = 46 K upon the 133 MHz having a fundamental relgonant frequency of 1 GHz,_wbratory
massMes ~ 1 x 1071 g, and Q ~ 10000, using a

device with~200 zg mass increments per data point (purplg). N " < )
molecules are accreted iit= 37 K upon the 190 MHz device  displacement readout system providing a dynamic range, DR
with ~100 zg mass increments per data point (blue). The slopes of ~ 80 dB. These are quite realistic parameters for next

the mass loading curves directly exhibit the unprecedented massgeneration NEMS-in fact, we have already demonstrated
responsivity of the order of 1 Hz/zg. (right inset) Mass resolution. each separately. We recently demonstrated NEMS vibrating

The “mass noise floor” for the 133 MHz device, which originates . fund I d . f o
from its frequency-fluctuation noise, is measuredwiits averaging In fundamental mode at microwave frequen con-

time over the course o£4000 s while it is temperature-stabilized ~ junction with our recent development of techniques for
at 4.2 K with zero applied gas flux. The average root mean square improvedQ,?* and the advances in frequency-shift readout

value (red dashed line), reflects attainment-afzg (i.e.,~4 kDa) in the tens of ppb range employed in these measurements, it
mass resolution, the equivalent 80 Xe atoms. is clear that NEMS sensing at the level of single-Dalton will
soon be attainetiRealization of NEMS mass sensors with
measurements. Data are shown bothHF@80 (for conditions single-Dalton resolution will make feasible the detection of
described above) and féx133in Figure 3. We exposB133 indizidual, intact, electrically neutral macromolecules with
to Xe with mass deposition ra@Mo/dt = 195 zg/s and ~ Masses ranging well into the tens and hundreds MDa range.
opening shutter fol s yields~200 zg mass accretion per 1S iS an exciting prospectwhen realized it will blur the
data point (each-900 Xe atoms) aT = 46 K. Both devices traditional distinction b_et_ween mer_tlal mass sensing ar_1d mass
demonstrate unprecedented responsivities?|, directly spectrometry. We anticipate that it will also open intriguing

i . ossibilities in the life sciences and atomic physfcs.
extracted from the slope of the linear fit, at the level of P PRy

roughly 1 Hz shift per zeptogram of accreted mass. More  Acknowledgment. We gratefully acknowledge support
precisely, we find #pis3l ~ 0.96 Hz/zg and%’pigdl ~ 1.16  from DARPA MTO under Grant DABT63-98-1-0012, from
Hz/zg. These values are in excellent agreement with the DARPA/SPAWAR under Grant N66001-02-1-8914, and
theoretical estimates from the expression| ~ fo/2Mes, from the NSF under Grant ECS-0089061.
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