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We have investigated the performance and potential benefit of acoustic sensing for real-time
monitoring and closed loop control of binary gas mixture compositions delivered from low vapor
pressure metalorganic sources. Two solid phase sources were investigated in the presgrae of H
a carrier gas(l) trimethylindium(TMI) and(2) bis(cyclopentadienylmagnesium{Cp,Mg), which

have room temperature25°C) vapor pressures of 2.5 and 0.04 Torr, respectively. An acoustic
sensor was implemented on the gas feed line to measure the concentration-dependent speed of sound
in the gas mixture. This enabled sensitivity and control at precursor levels as low as 0.6 ppm in H
Closed loop process control was implemented to maintain TMI anii@goncentration target in

the presence of intentionally introduced long term temperature drifts. Despite induced variations of
the precursor vapor pressure up to 50%, the delivered composition was controlled to within +0.15%
for TMI (at 0.5 mol% set pointand +£0.3% for CpMg (at 0.01 mol% set point Short term
variability could also be substantially reduced by the control scheme. This work demonstrates the
feasibility of sensor-driven control systems for stable delivery of low vapor pressure, normally
problematic precursor materials. In turn, this opens the door to utilization of a broader range of
species which can be synthesized as chemical precu®or@004 American Vacuum
Society. [DOI: 10.1116/1.1776180

[. INTRODUCTION For common CVD precursors in Si technolog/g., tet-
raethylorthosilicateor compound semiconductor technology
Metalorganic (MO) precursors  delivered  from (e g., trimethyl gallium, trimethyl aluminumprecursor con-
temperature- and pressure-controlled “bubbler” vessels havgentrations and flow rates can be estimated from tabulated
been used in an increasing variety of processes for the falrapor pressure data as a function of temperature and mea-
rication of high quality semiconductor materials and corre-surements of carrier gas flow rates and operating pressure in
spondingly high performance devices, including IlI-V andthe reactof. While this procedure is generally adequate with
lI-VI optoelectronic compound semiconductors deposited byiquid phase sources that have a sufficiently high and rela-
metalorganic chemical vapor depositighlOCVD), and tively stable vapor pressure, it becomes problematic for low
high K dielectrics for gate and capacitor structures depositegapor pressure sources and/or with sources whose effective
by atomic layer deposition. The quality and reproducibility volatilization rate changes as the source is consumed. For
of devices grown by MOCVDalso referred to as metalor- example, in solid phase sourcgsowders, small crystals
ganic vapor phase epitaxgepends markedly on control of the change of partial pressure with time can be significant
precursor delivery(1) to achieve the desired semiconductor since the size and surface area of the source particles change
composition and associated band gaf2) to obtain as the source is consumed. As the available surface area of
multilayer heterostructures for band gap engineered devicetie source decreases, precursor concentration delivered
and(3) to produce desired dopant concentrations and verticalownstream to the reaction region and wafer then decreases
profiles in these semiconductor layer structures. Controllinglespite constant carrier gas flow.
delivery rates of MOCVD precursors is a significant chal- One approach to maintaining constant precursor delivery
lenge for several reasons, including their often low vaporrate for such sources is to use only a small fraction of the
pressures, the elevated source temperatures needed to $eurce, then replace it. However, this incurs drawbacks in
crease vapor pressures, the changing surface area of the sdkdms of precursor cost and environmentally inefficient ma-
precursor material as it is consumed, and precursor condeterial utilization. On the other hand, calibration of delivered
sation on colder internal surfaces of the downstream gas dérecursor mass flow as a function of time is tedious and

livery system. This underscores the importance of equipmerubject to unpredictable short-term excursions associated
engineering upstream of the deposition reactor. with spatial redistribution of the solid source particles in the

bubbler vessel.
) Another approach to controlling the delivery of solid pre-
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this has become a preferred option, it presents concerrontrolled MOCVD precursor fluxes. This is shown in regard

about the influence of the solvent on the process, as well ae both large, long-term drifté€50%) and smaller short-term

the reproducibility of the solute/solvent mixture. fluctuations of source emission condition. Binary composi-
Clearly, the ability to exploit a variety of potential new tions were determined by gas speed of sound measurements,

synthetic precursors and to control delivery of these as welivhich provide higher precision and allow operation at lower

as conventional precursors would be substantially enhancegressures than with time-of-flight metholds.

if suitable means were available for real-time measurements

and control of precursor concentrations and flow rates. Thi§ SENSOR OVERVIEW

would obviate the need for solvents, open the door to inno- i ,

vation in chemical precursor synthesis, and assure manufac- 1 "€ theory and sensor design for the Inficon Composer™

turing and environmental benefits from advanced procesgcous'[IC sensor used in this study have been previously de-

. . 17,18 . . . .
control (APC) in the context of reliable, reproducible precur- tsr(]:rlbec! ml dita'i' ThOL:gh pl\r/llgzér\l%de&g%edh'to monitor
sor delivery for chemical processes. Various sensor a € arrival of precursor 1o a reactorihis sensor

p- -
proaches capable of real-tinme/situ application have been hag al_sozobeen u_seo! for n line mass flow _coniroller

. : . fcallbratlon, and forin situ chemical sensing downstream to
used to monitor and sometimes control the delivery o

: . . —a tungsten CVD reactor in order to provide real-time film
metalorganic(MO) precursors, such as spectroscopic ellip-, . . .
. o thickness metrology as required for real-time advanced pro-
sometry measurements of the light polarization on the

. . . . cess controlAPC).?"% The sensor measures the speed of
wafer®® infared single wavelengthFourier transform infra- ( ) P

812 sound by determining the fundamental resonant frequenc
red (FTIR), . and _U_V_spectroscopy measuremeit the for gas )r/nixtures Witrglin a thermally controlled Helm?mltz ’
gas phasg in the V|cm|t.y of the water. . . resonant cavity. The resonant frequency of the gas mixture is
Acoustic sensors, either based on time-of-flight or r€SO4irectly related to its average molecular weight, as shown in
nant frequency measurements, have also proven to be ve 4. (1)
well adapted to measure the composition of MOCVD binary ’
gas mixtures due to their long-term reproducibility and high Fo c with c= YavdR T
sensitivity, particularly that elicited by the high mass ratio 2L Mayg
between the heavy metalorganic precursor and the carrier gas .
(typically H,) as used in many MOCVD processes. It hasWhere F=gas resonant frequency=sound Velocity; yay
been shown that acoustic sensing can be used to anticipa?éwerage specific heat ratiof=gas temperatureM,

the behavior of a TM{trimethylindium) solid source and to :aver?ge rnolecular weighi=gas constantl.=length of
characterize its instability over time, i.e., predict the need tFCOUstC CEl. o . .
In order for the acoustic stimulation frequency to remain

replace an exhausted souilce(—ray postgrowth measure- . resonance with the aas flowina throuah the cell. a sianal
ments also showed significant improvements of the thicknesy Wi g wing ug ' '9

and composition control in InGaAs fillsand InP/GalnAs ~ Processor Is used .to perform as a lock-in amplifier, the fre-
compound Iayer1§'15 with respectfully solid TMI and liquid guency range varying from 500 to 5000 Hz. Using these low

. . frequencies minimizes acoustic damping, allowing a broad
trimethylgallium sources. Yamamodi al. also reported suc- q ping 9

I . : ?perational pressure range from 50 to 1000 Torr indér-
cessful utilization of acoustic sensing and feedback controrier Metallic dianhraams are used to protect the quartz crve-
in the synthesis of YBZ w0, by MOCVD.*® : phrag p q y

Th K ted h . tiqates th f t_tal microphones from pressure bursts while providing a
1€ work reported here investigates the use of acous Igafely sealed environment. The acoustic cavity is maintained
sensing to monitor and control solid sources with very low

bi | tadienvn . isothermal, heated by a microfilament coupled to a platinum
vapor pressure. GMg (bis(cyclopentadienymagnesium resistance thermometer, at a user-defined temperature set

was chosen as a case study as its vapor pressure is Orf%int controlled to +0.05°C

0.04 Torr at 25°C. CjMg is used as g dopant in many Measurements are carried out at a 1 Hz rate, the compo-
MOCVD applications with 111V alloys and is also used for gjiiqn peing determined from the speed of sound measure-

the growth of complex quaternary [1-VI alloys. It is also @ entg and values for gas properties provided by the user, i.e.,
well known source of problems due to its instability in de- gas molecular weights and specific heat ratios.

livery rate over time. The delivery of TMI reagent was also

investigated. TMI is widely used in the fabrication of indium

based alloys, especially for IlI-V GalnAs compound semi-!ll- EXPERIMENT

conductors. With a vapor pressureXlfigher than Cg\Vg The precursor gas delivery system is depicted in Fig. 1,

at room temperature2.5 Torr at 25°@, its utilization is not  using 50 g Epichem V200FTPwell solid phase sources. The

as challenging as GMg. However, TMI-based experiments MO crystals were contained in a 300 ¢stainless steel ves-

permitted us to fine tune the system prior to usingsel submerged in a 20 | bath whose temperature was con-

CpMg while providing data that could be compared totrolled to £0.1°C. The stainless steel gas lines upstream and

previously published data obtained from acoustic sensingownstream to the source were carefully thermally insulated

measurements. and heated by ruban-type resistive tapes with a temperature
This work demonstrates the efficacy of acoustic sensin@ccuracy of £0.05°C. The acoustic cell temperature matched

and associated feedback control systems in delivering highlthe temperature of the gas line, typically set 20°C above the

: 1)
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Dilution flow set point
Composer
Carrier gas flow set point controller Fic. 1. Schematic of the metalorganic
solid source delivery system. The bi-
H, dilution Composition nary gas composition is measured in
MFC G the resonant cavity of the acoustic sen-
N measurement

L Z — > 3 Exlizust sor. When closed loop control is exer-

E> cised, the composition is regulated by
actuating both the KHsource flow and

: the dilution flow rates in tandem.
KAcoustic Throttle valve H

H2 source The acoustic resonance chamber and
transducer heated feed line&lashed sectionsre
maintained 10-20°C above the
50 g. Cp,Mg source bath temperature.
solid source

temperature of the source. Unless specified in the experimeigantly different partial pressures of TMI and £y, the gain
tal part, the bath temperatures were 24.5°C for TMI andchosen was significantly different for the two sources, i.e.,
40°C for CpMg, the estimated vapor pressures being, re0.42 and 0.0072 V/mol%, respectively. In both cases the
spectively, 2.44 and 0.159 Torr. The, Harrier gas was pre- system time constarnt, corresponding to the time delay be-
heated by passing through a gas line heated 10—20°C abotween a change in the carrier flow setting and a noticeable
the temperature of the source. It was then flowed through thehange in concentration, was estimated at 4 s. The dead time
source vessel to saturate the gas with MO vapor, the carrigg, equal to(ty gz—t;) Wheretg g3is the time between a change
flow rate for this H source being adjusted by a 100 sccmin the carrier flow setting and the time to achieve 63.2% of
mass flow controlle(MFC). A second MFC located down- the new equilibrium concentratiofi.e., point of maximum
stream to the source allowed the dilution of the binary gaslope, was estimated at 3 s for a total flow rdte, source
mixture with H, dilution flow rates up to 200 sccm. The gas +H, dilution) of 150 sccm.
mixture was then fed into the 18 émesonant cavity of the
acoustic sensor, the total pressure in the systei®CVD
source and senspibeing controlled by a throttle valve driven |V. CONCENTRATION PROCESS CONTROL
by a 1000 Torr heated capacitance pressure gauge. No a}lt\
tempt was made to deposit materials downstream for these
experiments, and therefore the exiting gases were exhausted In MOCVD gas delivery systems, the liquid is intended to
to a dry scrubber downstream to the throttle valve. reach equilibrium with the carrier gas, which is then satu-

The Composer Monitor™ software application was usedated with the MO precursor in the gas phase. The presump-
to monitor and save the data for postprocessing. Calibratiotion is then that the delivered gas is a mixture of the carrier
of the composition was performed on a daily basis by flow-gas at its partial pressure in the vessel together with the satu-
ing 150 sccm pure KHthrough the cell and resetting the zero ration vapor pressure of the MO source corresponding to the
composition. bath temperature of the sour€g If pgis the partial pressure

In closed loop control mode, source and dilutiopftbw  of the MO source gas as delivered apg,, is the vapor
rates were used as the primary control variables, with th@ressure of the MO source at the bath temperaiureéhen
relative flow amplitude in these twojstreams being actu- pg(Ts) =ps,(Ts). With the carrier gas saturated at the vapor
ated by their respective MFCs to provide a constant MOpressure of the MO source under any flow conditions used,
molar flow rate. Flow set point voltages to the MFCs werethe MO precursor concentration is fixed by the source tem-
determined by the sensor control unit based on predeteperature. Consequently, the delivery rate increases linearly
mined control parameters, each MFC receiving a 0—5 V anawith carrier gas flow, while concentration of the MO precur-
log signal generated by the controller. A proportional integralsor in the carrier will be constant to the extent the tempera-
derivative control algorithm was used to optimize these outture bath and subsidiary factogs.g., condensation on deliv-
puts so that the control system’s response to an error betweeny line wall§ are maintained constant. This result also
the measured and expected concentrations matched the tinfgresumes that the saturation vapor pressure of the MO source
dependent characteristics of the delivery sysieém, flow is achieved under steady-state flow conditions, a requirement
rates, system volume, source vapor pregsufbe control  easily met with conventional liquid sources and bubbler de-
loop parameters, including controller gain, time constant andivery systems. Solid sources with sufficiently high vapor
dead time, were determined by introducing a disturbanc@ressure could also meet these criteria. For such situations,
(i.e., variation of the flow rate though the souread record- MO source delivery is relatively stable, and if desired, con-
ing the system response in accordance with instructions prdrol can be achieved using a composition sensor downstream
vided with the sensd The controller gain was determined to the source vessel and varying source temperature or car-
by the ratio of the change in concentrati@m mol%) divided  rier gas flow rate to maintain either constant MO concentra-
by the change in flow settingn volts). Due to the signifi- tion or constant MO delivery flux.

Control strategies
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0.040 T T T T function of time as the K source and dilution flows were
~ 0.035- Carrier flow / Dilution flow (sccm) changed. The respective source and dilution flows are indi-
S 0030, 8020 ]  cated as source/dilution flow values for each condition. Total
g R flow rate was maintained constant by adjusting the source to
g 0.025 7 60/40 1  dilution flow ratio to achieve a constant 300 Torr pressure in
= 0.020+ . the source. Under these conditions and over a wide range of
2 00154 ] source/dilution ratios, the precursor concentration as deliv-
E ered to the sensor was controlled easily, the influence of the
9. 00107 1 dilution flow stream dominating over the weak influence of
;c:,-, 0.005 | the source carrier flow.
E‘_“ 0.000 . .
o 1 B. Precursor composition metrology

-0.005 y . : . ; —

0 10 20 30 The sensitivity of the acoustic sensor was determined
Time (min) from the data in Fig. 2. The standard deviat{@TD) of the

composition over 100 data points and under fixed conditions

Fic. 2. CpMg:H, gas composition as a function o} fow rates for the H of pressure and flows was estimated at 3.0E-5 mol%, mean-

source and dilution flows, each in sccm and indicated in the figure by. that trati iati | 0.6 th
source/dilution flow values for each condition. Total flow rate was main—Ing at concentration variations as low as U. mﬁ)( €

tained constant by adjusting the source to dilution flow ratio to achieve aTD) could be measured. It was also established from post-

constant 300 Torr pressure in the source. Source temperature of 40°C wgFocessing of these data that a variation of 0.1 sccm in the

used, corresponding to a partial pressure of 0.159 Torr. H, dilution flow would result in a 5.5E-5 mol% change of
the composition, a change that is within the range of the

The situation changes dramatically when low vapor presS€NSor sensitivity.

sure MO sources, particularly solid sources, are employed as _ .
MO precursors. If MO sources have vapor pressures too Iovf' Concentration process control under systematic
) . ; emperature drift
the source vessel will not achieve the saturation vapor pres-
sure of the source material during the residence time charac- The high sensitivity of the sensor and the potential to
teristic of the source vessel. In contrast to the case for higheaccurately control the composition of delivered gas by ad-
vapor pressure liquid sources, higher carrier gas flow rategisting the ratio of carrier to dilution flow rates present a
will not increase precursor delivery and deposition rateggood prognosis for implementing real-time, in-line closed
since the volatilization of the source becomes rate limitingloop gas composition control. Therefore the real-time mea-
for low vapor pressure sources. In addition, MO concentrasurements of the gas composition were used as secondary
tions in the delivered gas will drop with higher carrier gascontrol variables to dynamically adjust the mass flow set
flow rates, i.e.ps(Ts) < psyTs). If MO precursor delivery is  points to both the source and dilution MFCs as actuators to
rate limited by source volatilization rates, stability of precur-regulate the compositiofi.e., the primary control variabje
sor delivery rates becomes more difficult. The problem is To demonstrate the capability for composition closed loop
exacerbated in the case of solid sources, where the actiw®ntrol, a temperature drift was intentionally introduced in
area for volatilization decreases as the source is consumette system by turning off the heating element of the tempera-
thus changing the precursor delivery rate as a function ofure controlled bath surrounding the bubbler vessel. The de-
time, and doing so at a rate which is unpredictable in itscrease of the bath temperature as a function of time is shown
dependence on the specific morphology of MO powderin Fig. 3a). As the temperature dropped from 40 to 32°C
crystals present in the source vessel. over a 2 h period, the GpMIg vapor pressure data suggest
Significant drift of precursor flux is intrinsic to the use of that the precursor partial pressure should decrease from 0.16
low vapor pressure solid sources, and therefore a sensawe 0.08 Torr, i.e., by 2X or 50%. As shown in Fig(b3, a
based control strategy is essential. Varying carrier gas flo60% decrease of the Ggig:H, composition was measured
through the source will not alter MO delivery rates whenin an open loop configuration by the acoustic sensor, as ex-
they are rate limited by MO evaporation from the source. Topected, with H flows maintained constant at 100 and
achieve MO concentration control in the presence of signifib0 sccm, respectively, for the dilution and source flow rates.
cant drift in MO fluxes, a second MFC-controlled carrier gas To evaluate the efficacy of a closed loop configuration,
stream—termed the dilution flow—was added downstreanthe same temperature drift was once again introduced, using
to the MO source vessel as shown in Fig. 1. the acoustic sensor as a real-time composition metrology and
However, given that the drifts are substantial, adjustmenadjusting both dilution and source flow rates to maintain a
of the dilution flow rate alone will substantially vary the total constant precursor composition and total carrier flow rate.
pressure in the reactor, thereby modifying process perforThe data shown in Fig.(4) were obtained for CfMg with a
mance. To maintain a constant total flow rate, the concentrazomposition set point of 0.01 mol% at 300 Torr and a total
tion was adjusted by varying the flow rate of i the dilu-  flow of 150 sccm. The 0.01 mol% set point corresponds to a
tion line while maintaining a constant total carrier gas flowstandard concentration used mtype doping applications
rate. Figure 2 depicts the gdg: H, gas composition as a (0.3 umol/min) in GaAs compound semiconductors. As the
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Fic. 3. Variations of CpMg:H, composition in open loop configuration under conditions of long-term temperature(@ri8hows the temperature decrease
experienced by the solid source over a 3 h period due to termination of power to the source heatingdseib min), with H, flow rates and pressure kept
constant(b) Shows the resulting effect on the £Btg: H, composition as measured by the acoustic sensor: the temperature drop resulted in a 50% decrease
in precursor composition, consistent with the expected drop in vapor pressure.

temperature dropped from 40 to 32°C and the delivered prgor modification of the solid source, as would be encountered
cursor concentration decreased accordirjglyin Fig. 3b)], in using such sources in manufacturing. In terms of stability
the controller dynamically compensated these effects by desf precursor delivery through the consumption cycle for the
creasing the dilution flow rate while increasing correspondsgurce, this represents the loss of half the material in the
ingly the source flow rate to maintain a constant gas throughsgrce. Thus the sensor and control system appears highly

out. Figure 4a) shows the constancy of the (g precursor  ,qequate in ensuring constant precursor delivery even in the
concentration as a function of time, along with the decreas

i dilution f ‘ di . f| e (Fresence of major decreases in the amount of source material
in dilution flow rate and increase in source flow rate impose s :
P remaining for use in the process.

by the control system as needed to achieve precursor concen- . . .
y 4 b An analogous control experiment was carried out with the

tration control. The acoustic sensor output of theN@g: H, ™I ) 0.5 molo . hile th
composition is shown in more detail in Figibd. Despite the source, using a ©.> mo ooset point while the t.empera—
very large(estimated 50%change in the CMg vapor pres- ture decreased from 33 to 29°C. As shown on Fig. 5, the

sure, the data show that the standard deviation of the confYStem response was very similar to that fopkag, achiev-
positon measurement over the 3h period wasng an average value of 0.499 98 mol% and a standard de-

3.0E-5 mol% with an average value of 0.010 009 m0|%_viation of 0.000721 mol% over a 3 h period. Thus the pre-
Thus the precursor concentration—even though only 0.01%ursor concentration—even though only 0.5% of the total
of the total gas flow—is measured to a precision of 0.3%gas flow—is measured to a precision of 0.15%, roughly com-
The 50% change in precursor vapor pressure emulates a mparable to that for the Gplg case.
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% 180 L g
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Fic. 4. Performance of the acoustic sensor and feedback control system under long-term temperature drift MdreoQee. In(a), as temperature in the

source drops, the system responds by regulating thiéol rates(right scal@ in order to maintain the composition on target at 0.01 m¢iétt scalg. (b)

Presents a close-up view of the composition. Standard deviation of the composition over the 3 h temperature drift was 3.5E-5 mol%, with an average valu
of 0.010 009, reflecting a precision in precursor composition stability of 0.3% of its value, despite the fact that the precursor constituteécoofly@ @dtal

gas.
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1.01 maintain the CgMg concentration on target at 0.01 mol%
189 (left Y scalg. In the absence of contrgbpen loop, the H,
§ 0.8 Dilution flow rates remained constant and the amplitude of the con-
E t centration oscillations resulting from the temperature pertur-
= 0.6 ~ g bations increased by a factor 8f2.6. The composition stan-
;.f;_: / lso ?‘,’? dard deviation under closed loop control was 4.6 and
2 o4l - ® 12.1E-5 mol% without control.
E > 2 Figure &b) shows a set of data acquired during a similar
‘I’N Source ‘;N experiment but with the temperature of the gas feed lines and
£ 0.2+ acoustic sensor raised from 50 to 60°C, the bath temperature
F 440 remaining the same at 40°C. As there is no significant
0.0 +— - . . . . . change in closed loop mode compared to the data in Fig.
0 20 4 .60 _80 100 120 140 6(a), it clearly appears that in the absence of control, the
Time (min) amplitude of the concentration oscillations was significantly

Fic. 5. Performance of the acoustic sensor and feedback control systeﬁ?ducec(A_JZS%) when Operat”_‘g at60 vs 50°C. In add'_tlon'
under long-term temperature drift of the TMI source. Standard deviation off0 Maintain the same composition at 0.01 mol%, the dilution
the composition over the 3 h temperature drift was 0.000 72 mol%, with arflow rate was increased from 101 to 114 sccm, i.e., a 13%
average Yalue of 0.4999 mol%, reflecting a precision in precursor composii-ncrease_ This suggests that in this transient regime, a larger
tion stability of 0.15% of its value.
amount of CpMg reached the sensor when the temperature

of the line was increased from 10 to 20°C above the tem-
perature of the source. Additional experiments showed that
no noticeable oscillations were detected when flowing pure

To characterize the closed loop control performances unH, (with no MO precursorin the presence of the tempera-
der short-term disturbances, a section of the on/off heatinguire perturbations, as it might have been assumed that the
tapes on the gas delivery line were programmed to generatsscillations monitored by the acoustic sensor were the result
temperature oscillations of +1.5°C over a 3 min period, theof the change of the gas temperature. Considering the origin
temperature raising sharply by 3°C over the first 30 s anaf the perturbation, it must be assumed that a non-negligible
then decreasing continuously by 3°C over the remaininggamount of CpMg condensates on the walls of the stainless
150 s. The section in question was located between the firgteel feed line, this condensation effect on concentration
half of the gas feed line from the source to the acoustiteing minimized at higher temperature. Further experiments
sensor(i.e., 20 in. long while the other segmentdine up-  at higher temperature could not be carried out, our
stream to the source, dilution feed line, precursor vessel anglcoustic sensor version being limited to a 65°C maximum
acoustic cavity were kept at a constant temperature. temperature.

Figure Ga) shows the system’s response in the case of
Cp,Mg, first under closed loop control over 30 min and then
inpcszen loop. In this case, the bath temperature was esta%/—' DISCUSSION
lished at 40°C while the gas feed lines and acoustic cell By correcting for changes occurring in the MO delivery
temperature were set at 50°C. In closed loop mode, the corsystem, either as a result of time dependent thermodynamic
trol system minimized the effect of the temperature oscilla-alteration of the source or perturbations induced by the
tions by adjusting the Kflow rates(right Y scalg in orderto  equipment staten situ monitoring by acoustic sensing and

D. Effects of short-term disturbances

Closed loop Open loop
= 00108 Closed loop Open loop 1420 001084 1120
& I U
rel Dilution —» °_°. Dilution —
£ —_
= 001041 1'% & E oo1044 1100 €
S 8§ § 8
[7] -— ~— = ~
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2 0.0100- 8 & 00100 3
£ 8 £ o
c. 460 2 8 160 =
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p-3 ree {40 2 {40
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O 0.0092 4 8- 0.0092 4 Source —=

. T T r 20 . r : : 20

0 20 40 60 0 20 40 60

(a) Time (min) (b) Time (min)

Fic. 6. Effects of short-term disturbances under open and closed loop control. Disturbances were introduced with +1.5°C temperature oscillations over
section of the gas feed line. The sensor and feed line temperatures were set aglan@ 20°C(b) above the CgMg source temperatur@t 40°0. In

closed loop mode, the compositigeft scale$ is regulated by adjusting the,Hlow rates(right scales In open loop mode, the disturbances are significantly
lowered with higher feed line temperatures.
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real-time feedback control of the MO reagent concentratiorwith the fact that system performance was only slightly im-
can offer significant benefits, including improved process reproved when using the higher vapor pressure so(ré4 ),
producibility, minimized equipment downtimes to calibrate where the composition was controlled at 0.5 mol% +0.15%
or replace the source, or reduced costs by increasing the comparison to 0.01 mol% +0.3% for g@¢g. Once again,
source usable lifetime. It can also offer greater flexibility in the reproducibility of the actuators is critical: even though
process design which can exploit new MO sources that mighthe concentration was 50 higher for TMI than for CpMg,

not have been usable without the sensing, metrology angomparable composition control toward the respective tar-
control capabilities demonstrated here. gets is achieved in the two cases.

The notion of coupling MO concentration measurement From process development and manufacturability per-
by acoustic sensing with feedback control via the actuatiorspectives, close attention is generally given to the control of
of two sets of mass flow controllersource and dilution ~ the source temperature, since the thermal stability of MO
was investigated by Yamamotet al’® in the case of precursors is normally critical in achieving stable delivery
YBa,Cu;0, MOCVD. They showed that concentration oscil- rates. For example, in the case of 8y at 40°C, a 0.1°C
lation due to temperature variation in the (M), source, variation will result in a 0.8% variation of the vapor pressure
with a concentration set point around 0.02 mol%, could beand therefore of the flux to the waf¢assuming constant
minimized with feedback operation. However, these author§lOW rates and pressuréWe showed that such temperature
did not report the quantitative precision and controllability of induced variations could be corrected by implementing real-
their method, e.g., the standard deviation or precision of theiime feedback control of the concentration, easing the re-
measurement, either in open or closed loop. Comparing oluirements on the stablllty.of heating elemgpts normally
estimates of the data they displayed graphically to the quar?€eded to achieve reproducible process conditions.

titative results presented above for our,@g concentration In contrast, much less attention is normally devoted to
measurements at 0.01 mol%. we infer that we have im@Ptimizing the temperature of delivery lines downstream to

proved precision and controllability by an order of magni-the MO source in order to con_trol adsoero_n, desorption, and
tude compared to Yamamoto's work. Explaining this differ- condensation phenomena which occur on internal surfaces of

ence in detail is beyond the scope of this work, but at Ieasr[he delivery lines for reactive MO precursors. By accurately
monitoring the gas composition while intentionally modulat-

two possibilities can be noted. First, two different acoustic, the t ' fh teed i d keeping th i
sensor approaches were used: our work employed sensifl € temperature ol Ihe gas feed lines and keeping the res

based on low resonant frequencié00—4000 Hz in an of the process metrics constant, we were able to partially

acoustic cavity, while Yamamoto’s data are based on timeguantlfy the effect of the average temperature on these

of-flight measurements obtained at relatively high frequeanSurface reactions. By increasing the gas line temperature
rom 10 to 20°C above the temperature of the source, the

(15 kH2). Second, the d.eta|led actuator and control S‘ysu—:‘n?af'fect of the induced temperature perturbation was reduced
performances may be different.

. . in open loop mode by 25%, and simultaneously mor
_Our results show that_ln_ the case of aZW_-HZ- 935 was actually being delivered to the acoustic ¢a# revg\:Ige)d
mixture the standard dgwaﬂon of the ComeS't'on meas.ure&y the increase of the Hiilution flow rate. We believe that
ments was th(_a_same, l.e., 3.0E-5 mol%, either under fixe is approach could be employed to optimize the thermal
Process cond!tlons of flow, pressure apd temperature,. 35rofile of MO gas delivery systems with respect to the
when introducing a strong temperature drift over a 3 h perioginsic adsorption/desorption/reaction properties of the MO
resulting in a 5& drop of the metalorganic precursor vapor
. precursors.

pressure. This demonstrates that the control system was able
to compensate very accurately for the drift in the source
as the composition was maintained on target atVl- CONCLUSION
0.01 mol% +0.3% for CgMg and 0.5 mol% £0.15% for Sensor-based process control using feedback control
TML. driven by a resonant-frequency acoustic sensor can insure

Furthermore, these results show that the limiting factorstable gas feed rates when using metalorganic solid phase
for the control performance of this system did not reside insources such as TMI or Glgdg. With a CgMg vapor pres-
the sensitivity of the sensor but in the reproducibility of thesure of 0.159 Torr at 40°C, the binary gas mixture
actuators. Indeed, general purpose MFCs such as the MKSp,Mg:H, was used as a particularly challenging and tech-
1179 used for this experiment are specified to have a repeatologically relevant test bed to demonstrate the performance
ability of £0.2% of full scale, i.e., £0.4 sccm in the case of of the sensor-based metrology. Sensitivity levels of 0.6 ppm
the 200 sccm dilution MFC. Based on the 0.0072 mol% /Vwere achieved, corresponding #8E-5% CpMg in H,.
value of the process gain determined in the case gM@p  Long-term temperature drifts were used to simulate MO
H,, a +£0.4 sccm variation of the Hdilution flow would  source aging effects. Despite 50% change of the vapor pres-
result in a change of the composition by +7.2E-5 mol%,sure over a 3 h period, the @¥g: H, composition remained
which is twice the value determined for the standard deviaconstant at the target 0.01 mol% with variation of only
tions of our measurements. We therefore conclude that th£0.3% of this value. Controllability was limited by the re-
accuracy of the mass flow control is a critical factor in theproducibility of the H, mass flow controllers used as actua-
overall accuracy of our control system. This is consistentors. Acoustic measurements were also used while applying
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