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Chapter 7: Instrument Calibration Using Tandem Differential

Mobility Analysis with a Microplasma Source

“Measure what is measurable, and make measurable what is not so.” — Galileo

Galilei

7.1. Introduction

Measurements of ambient aerosols have demonstrated the abundance of

(1

nanoparticles in the atmosphere."' Small particles accumulate to a critical concentration

and begin to agglomerate, forming larger particles with a broad distribution of sizes.!”!
The particle size and concentration are important factors in determining the aerosol
dynamics."

The primary instrument to measure particle size distributions is the differential
mobility analyzer (DMA). The device classifies particles based on small differences in
mobility (Zp) of charged particles between two electrodes with a fixed spacing () in an
electric field (E = V/b). A particle-laden stream (Q,) enters the classifying region
through one electrode where it is combined with a laminar sheath flow (Qy;). The electric
field forces the particles through the particle-free sheath flow toward the other electrode.
After a fixed distance (/), the flow is divided unequally with a portion exiting (Qs; i.e., the
sample flow) the electrode opposite of the aerosol entrance. This stream is directed to a

particle counting device to measure concentration. The remaining flow is exhausted as

the excess flow (Q.x).
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The applied voltage for a given device determines the mean mobility (Zp*) of the
transmitted particles. Particles with a lower mobility than the mean will be removed with
the excess flow whereas particles with a higher mobility will be deposited onto the
electrode. This implies that a range of particle mobilities will be transmitted around the
mean mobility selected.

The performance of the DMA is measured with two parameters: transmission
efficiency () and resolution (R). Transmission efficiency is defined as the fraction of
charged particles entering the device with a fixed mobility that emerge through the
sample outlet with the appropriate voltage applied. A transmission lower than unity is

caused by particle losses in the different regions of the device. Resolution is defined as

%

R=—"r | (7.1)
AZF'WHM

where AZrwmys is the full width at half maximum of the distribution. The theoretical
maximum resolution is Qs, / Qg, but particle diffusion and axial asymmetry in the sizing
region decrease the measureable resolution. Forehand knowledge of resolution and
transmission allows data correction, enabling a more accurate assessment of aerosol
particle size distribution.

A new DMA was recently reported that could measure particles in the 1 to
12.5 nm size range.”!! The instrument resolution for the mobility diameter range of 1 to
2 nm through electrospray of molecular ions, as reported previously. The instrument
achieved considerable resolution over this range, but additional calibration data is needed
to determine the transmission and the resolution of the device for the remainder of the

size range.
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A standard method to calibrate a DMA involves using two instruments in series in
a configuration known as the Tandem DMA (TDMA).® A source produces particles that
are passed to the first DMA. The first DMA is operated with a constant applied voltage,
passing a narrow mobility distribution of particles to either a particle counter or a second
DMA. The particle counter records the particle concentration (N;) upstream of the
second DMA before directing the flow through the second DMA. The second DMA is
operated in voltage stepping mode, collecting a particle size distribution that reflects the
combined resolutions of the two devices. As particle concentration (IV;) is not measured
during the voltage scans of the second DMA, the source must be capable of producing a
stable concentration of a fixed size distribution.

Calibration using the TDMA arrangement is difficult in the 2 to 4 nm size range
due to the lack of a stable source. Electrospray of molecular ions have been successfully
employed below 2 nm to determine instrument resolution,® but becomes more difficult
above 2 nm as the particles will tend to attain multiple charges. A source aerosolizing
polystyrene beads work well above 10 nm, but a well-characterized sample is not
currently available below 5 nm. In this section, a recently developed aerosol synthesis
technique based on a microplasma is examined as a possible source. It has been
demonstrated the microplasma can operate stably for extended periods of time and
produce a high concentration of particles in the 1 to 5 nm size range, and therefore should

be suitable as a particle source.

7.2. Experimental Method

The microplasma source was combined with two nano-RDMAs in the TDMA

arrangement, as shown in figure 7.1. The operation of a single microplasma has been
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discussed previously.”) Briefly, this system consisted of a stainless steel capillary
(I. D.= 180 um) and a stainless steel tube (O.D.=3 mm) between which the
microplasma is maintained. Through the capillary, a stream is passed that contains an
ultrahigh purity (UHP) argon stream and a silane (50 parts per million (ppm)) in argon
mixture stream at a combined flow rate of 150 standard cubic centimeters per minute
(sccm), as controlled with two mass flow controllers (MFCs). The electrode assembly is
sealed inside a glass tube (O.D.= 12 mm) using standard Swagelok and UltraTorr
fittings. A third MFC flows a sheath gas of UHP argon at 450 sccm that is combined
with the first stream in the afterglow portion of the microplasma. This combined flow
(total of 600 sccm) is introduced into the aerosol inlet of the nano-RDMA.

As the particle size produced from the microplasma is sensitive to pressure
variations, the flows in the system must be precisely matched. This means that the sheath
(Osn) and excess (Q.x) flow rates of each nano-RDMA are precisely matched using a
Gillibrator. The aerosol inlet (Q,) and sample flow (Q;) rates are matched as well.
Matching the inlet and sampling flow rate is accomplished using a leak valve backed with
a diaphragm pump, permitting flow rate matching to within +1 sccm.

All particle size scans were made in the voltage stepping mode. This process
involved setting the voltage across the DMA electrodes and measuring the current
produced from the charged particles that were transmitted through the DMA. The current
was measured with a home-built Faraday cup electrometer sensitive to +1 fA. To
establish steady-state current, the voltage was set followed by a two second delay before

the current was measured for one second. Rather than using a single electrometer, two
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matched electrometers were used to minimize transmission lines and to allow fast
switching between the first and second nano-RDMA.

A computer was used to scan the voltage applied to the first device and to record
the current measured with the first electrometer. After three consecutive measurements,
the size-selected particle-laden flow was directed toward the second nano-RDMA. A
fixed voltage was applied to the first nano-RDMA while the computer scanned the
voltage applied to the second nano-RDMA while the current measured with the second
electrometer was recorded. The voltage on first device was systematically varied to
cover the broadest range of voltages that could be spanned while maintaining adequate
particle concentration delivered to the second electrometer. After scanning through the
voltage range, the flow was re-directed to the first electrometer and the scans were
recorded, allowing comparison of the size distributions before and after. If the before and
after distributions did not agree, the sequence was repeated. Generally, the before and
after distributions agreed except if size distributions were collected shortly after the
microplasma was first struck. If the microplasma was allowed to equilibrate for
30 minutes after striking the microplasma, the size distributions were quite stable. This
procedure was repeated for four different silane concentrations (i.e., 1, 2, 3, and 4 ppm).
Changing the precursor concentration allowed probing of different voltage ranges with
some overlap as well as different size distribution polydispersities.

The measured size distributions were analyzed to determine resolution and
transmission. First, the concentration data were normalized (N,/N;) and plotted against
the normalized mobility (Z»/Z;). The resulting data were analyzed using the MatLab

function nlinfit.
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7.3. Results and Discussion

The first calibration experiments used nano-RDMA 2 in the first position and
nano-RDMA 1 in the second position. The mobility distribution was measured with the
first nano-RDMA, as shown in figure 7.2. The mobility distribution before and after
analysis with the second nano-RDMA agreed well with one another, and the measured
distribution could be fit with a lognormal distribution.® The parameters of the lognormal
fits are listed in table 7.1. The mean inverse mobility increased (i.e., size increased) and
the distribution broadened with increasing silane concentration, as described previously
(chapter 4).

These parameters are not the actual characteristics of the mobility distribution
produced with the microplasma. The data represents the convolution of the mobility

distribution (fzy) with the Stolzenburg transfer function of the nano-RDMA (Qs,1.):
N(Zp)=mfn (I/Z;’N’I/ZPg7Gg)*QSmlz,l (ZPaZ;aGSmlz>IB’§FR) ) (7.2)
where #; is the transmission efficiency, Z ; 1s the convolution variable, N is the

concentration, Zp, is the geometric mean mobility, o, is the geometric standard deviation,
Zp is the mobility, o, 1s the Stolzenburg broadening coefficient of the distribution, dzz
is a parameter used to correct for unbalanced flows (dzz = 0 in this report), and £ is the
ratio of aerosol to sheath flow (Q, / Q) when dzr = 0. The lognormal distribution is
defined as
. 2
1/7Z
Inf ——%-
dN N 1| \1/Zy,

= X e 5 7.3
dnz, Qn)’mo, || 2| o (7-3)

S Zp NI Z,,,0,) =

g
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and the transfer function is defined as

(z;/z,,—(nﬂ)J [Z;/ZP—(I—,B)J
& +&
O-Stolz

Q (Z Z* ﬁ 5 ) \/EO—Stolz \/Eo-Slolz ’ (7'4)
Stolz P> p’UStoz’ SOR) = = 7= < * *
I I \/E/B(l_éFR) Zp/ZP_(l+ﬁ6FR) Zp/ZP_(l_:B5FR)
=& — &
\/Eo-Stalz \/Eo-Slolz
where
é‘(x) =x- erf(x)+ e /\/;, (7.5)

where erf{x) is the error function. The Stolzenburg transfer function can be modeled as a

lognormal distribution when o, is not too small:

2

) 1 1 ln(Z*/Z )
7 ,l,Z ,O — exp| —— —_\ZprP P , 7.6
fDMA( P P g’DMA) (Zﬂ)l/zlnﬁg’DMA P 2{ lno-g,DMA ] "o

where o4 puu 1s the geometric standard deviation of the distribution. The value of a4 pau
1s not the value of og,..

The analysis to this point is similar to that presented previously.[9-10] One
assumption made in this analysis was that the particle distribution was sufficiently broad
that the concentration does not change appreciably over the width of Q... The
microplasma produces a narrow size distribution that may not be sufficiently broad to
justify this assumption. The assumption is not necessary provided that g is not small.

The solution to the convolution for a single modal distribution takes the form:

Nl(ZP):_[fLN(l/Z;aNal/ZPgao'g)fDMA(Z;’n’ZPaUg,DMA)dZ;» (7.7)
0
: In(l/Z,)-1n\l/Z
]v1 (ZP) — 77N eXp _l (n( - P) I;( Pg ))2 , (7.8)
/27z\/ln2 O'g+ln2 &\ s 2\ Ino,+In"0o,

N(Z,)=f,y (I/ZP, N1/ Z,, exp(\/lnz o, +In’ o, )) (7.9)
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Using this formula, the actual parameters of the mobility distribution can be determined
provided that 64 puy 1s known. The initial calibration (chapter 2) of the nano-RDMA did
not extend into this mobility range, but the approximate value of 64 pa4 can be calculated
based on the instrument calibration factor (G = 17.3).") The extrapolated values of 64 a4
are much smaller than the breadth of the measured mobility distribution. Therefore, the
measured mobility distribution is approximately correct provided that the instrument
resolution can be extrapolated.

The size distributions measured using the first nano-RDMA can be transmitted to
the second nano-RDMA and measured for mobility distribution, as shown in figure 7.3.

The mobility distributions represent the convolution of three log-normal distributions:
N, (ZP )= jfLN 1/ Z;a N1/ Zpy,0, ) pasa (Z;aﬂl s Z ppygar > O g s ) S bt (Z; M2 Zps 0 g pua )dZ; >
0

(7.10)

2
(111(2.0)— (ln Zrs In® Oy + 10 Z 0 In? O )]

2 2
nn,N” 1 In’c, +1n’ 5,
]\]Z(ZP)= eXp| —— P P
11’120 11’120 2 2 Ino, In O paat
2 g DMAI nto + g
V27 [In Opyprt —9————F5— pyA2 T2 In2
Ino,+In" o n O-g+ N Opyy
g DMAL

(7.11)

InZ, In*c,, ,+InZ,,  In*c o o
N, (ZP): fin ZP’77|772N#, ( Pg DMAL DMAI g),exp{\/lnz Cpupss + I DMAL ,

2 2 2 2
In" o, +In" o), In" o, +In" 0,

(7.12)
that is also found to be a lognormal distribution. In the limit of lnzcsg >> In’opma; with

Zpe = Zpumai, this expression becomes

N, (ZP): Sin (ZP7771772N#’1nZDMA1’exp(\/lnz T pun +10° G » (7.13)
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The mobility distributions are narrower than the initial mobility distribution, and contain
fewer particles. The decrease in number of particles is expected since particle loss occurs
in the nano-RDMA, and can be accounted for with the parameter #,. Particle deposition
can occur in a few locations due to diffusion to any of the walls or to electrophoresis in
the aerosol inlet region.

The distributions measured in the second nano-RDMA are better visualized after
normalizing the data, shown in figure 7.4 for silane concentrations of 1 to 4 ppm. The
mobility is normalized with respect to mobility selected in the first DMA and the current
is normalized with the current measured in the first nano-RDMA. The first observation is
that all of the distributions are shifted to lower mobilities (i.e., larger particle sizes). The
shift is captured by a parameter 6 =Zpu42/Zpmas, and is plotted in figure 7.5. It increases
with voltage and levels off at a value of 0.96. This shift has been observed in many
TDMA measurements, but is not well understood.[//]

The second observation from the normalized data concerns the transmission, and
is shown in figure 7.6 for each of the concentrations tested. The fraction transmitted
increased with voltage from 0.1 for the low voltage range tested to a value of 0.2 for the
high voltage range. The increase in transmission with voltage most likely corresponds to
less deposition due to diffusion since smaller particles (transmitted at lower voltages) will
diffuse faster than larger particles.

The transmission was approximately constant for the higher voltage range and
could correspond to the limiting transmission for this flow rate ratio. Electrophoretic

deposition in the aerosol inlet extension region (see chapter 2 for description) most likely
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reduces the transmission through the device. If higher transmissions were desired, the
aerosol flow rate could be increased or the inlet extension could be lengthened.

The final observation from the normalized data is the resolution, and is shown in
figure 7.7. The resolution was determined from fitting the measured distribution using a
lognormal function. Assuming the resolution of the first and second nano-RDMA was
approximately equal and using the relation found in equation (7.13), the resolution was
determined as a function of voltage. The resolution increases with voltage to a maximum
of ~7.5. The increase in resolution was expected, but the resolution is lower than
expected and observed previously (chapter 2). The resolution measured using molecular
ions at a voltage of ~150 V was approximately 7. The resolution found using the
microplasma at this voltage was ~4.2.

The lower-than-expected resolution indicates that the microplasma is not an ideal
calibration source in this configuration. A number of reasons could be responsible for the
low resolution, including aspherical particles and space-charge distortion in the
DMA.[12-14] Aspherical particles will be transmitted over a larger range of voltages as
they are transmitted with a random orientation through the nano-RDMA. Since a DMA
measures the average mobility in an electric field, the random orientation will affect the
average drag force and consequently the range of voltages over which the particle is
transmitted.

Broadening due to space-charge distortion of the electric field is the second
possibility. Space-charge effects were determined theoretically to be important for values
of n,Zt larger than 22,000 V! cm'l,[l 2] where n, is the number concentration at the inlet,

Z is the electrophoretic mobility, and 7 is the residence time in the device. Given that the
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residence time inside of the nano-RDMA (7) is approximately 25 ms, the measured value
of n, is approximately 10°cm™, and Z is approximately 0.5cm’>V™'s', the value
calculated for the instrument is 12,500 V' cm™. Depending upon where the particle
losses in the instrument occur, the measured value of n, could be higher, resulting in
space-charge distortion that would cause broadening of the mobility distribution. The
calculated values do not indicate space-charge distortion, but the mobility distribution
behaves as would be expected for such an effect (i.e., the mobility measured in the
second DMA is higher than the mobility set with the first DMA and the distribution is
broadened). The effect of space-charge distortion would not be expected in the second
nano-RDMA because the lower concentration would limit these effects and not affect the

measured size distribution.

7.4. Summary

A microplasma source was demonstrated to operate stably producing a high
concentration of nanoparticles over a broad mobility range. The microplasma most likely
could not be used as a calibration standard to use in the TDMA since the measured
mobility distributions did not indicate a resolution as high as previously measured using

molecular ions.
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Figure 7.1 Schematic of Tandem DMA.
Schematic of the microplasma and tandem differential mobility analyzer arrangement

used to calibrate the nano-RDMA.



134

(=23

4 Before After [SiH]p (ppm)
— 1
2 —tr— 2
— 3
T 4
—_ 6 Al
EO t
€ 2
o
3 0'13
[
4
2
0,013
° 2 4 68 2 468 2 468
0.1 10 100

11z V' s em®)

Figure 7.2. Mobility Distribution from First nano-RDMA.
Mobility distribution measured with the first nano-RDMA before and after the TDMA

measurement. The microplasma was operated with a current of 7.5 mA and a total flow

rate of 600 sccm.
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Figure 7.3. TDMA Mobility Distributions.

TDMA mobility distributions measured from the microplasma using silane
concentrations of 1 (left) and 4 (right) ppm. The mobility distributions are labeled with
the voltage applied to the first nano-RDMA. The mobility distribution from the first

nano-RDMA (black circles) is indicated for reference.



First DMA Voltage
—e— 150
—&— 200
2k —o— 250

N, /N, (Zpy )

06 08 10 12 14
Z,12p,

First DMA Voltage
400
500
600
700
800
900

1000

—e— 1100

it

N, /N, (ZP1-}

06 08 10 12 14
Z,1 2,

Figure 7.4. Normalized TDMA Mobility Distributions.

Normalized TDMA mobility distributions using silane concentrations of 1 (top left), 2
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concentration data are normalized by the concentration measured with the first nano-

RDMA at the set mobility. The mobility data are normalized by the mobility set on the

first nano-RDMA..
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Figure 7.5. Shift of TDMA Mobility Distribution.
The measured shift in the mobility distribution from the expected mobility (6 =

Zpma2/Zpumar) as a function of voltage.
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Figure 7.6. Transmission of the nano-RDMA.

The measured transmission (#) of the second nano-RDMA as a function of voltage.
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Figure 7.7. Resolution Measured with the Tandem DMA.

The measured resolution from the nano-RDMA as a function of voltage. The resolution

measured with the molecular ion is extrapolated into this region.
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Table 7.1. Fitting Parameters of First nano-RDMA Mobility Distributions
The fitting parameters of a log-normal distribution for the mobility distributions

measured with the first nano-RDMA.

[SiH4] Current Z! Ino Og
(ppm) (pA) (Vs em?) -
1 0.295 + 0.013 1.526 + 0.009 0.204 + 0.002 1.23
2 0.855 + 0.036 2.995+0.013 0.245 + 0.006 1.28
3 1.456 + 0.055 4.907 + 0.030 0.321 + 0.006 1.38
4 1.961 + 0.098 6.884 + 0.021 0.393 + 0.003 1.44
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