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We have used mass spectroscopy to observe and analyze, in real-time, gas phase reactants and
product species in plasma enhanced chemical vapor depo@e@VD) of silicon. We describe a

doubly differentially pumped mass spectrometry system to sample the exhaust stream of a large area
plasma CVD reactor operating at 0.4—1.5 Torr. We show real-time quantitative analysis of silane
consumption and hydrogen production for deposition of hydrogenated amorphous silicon and for
pulsed-gas selective area silicon deposition. The ability of mass spectrometry to observe process
faults in real time is also demonstrated. Mass spectroscopy is a useful nonintrusive process-state
sensor for real-time metrology of plasma deposition, for example, to quantify gas phase species, and
to characterize reactions occurring on the substrate surface. Based on our results, we discuss
potential advanced manufacturing applications of real-time mass spectrometry in amorphous silicon
and selective area silicon plasma deposition, including indirect wafer-state sensing, fault analysis
and classification, and run-to-run and real-time process control.19€¥ American Vacuum
Society[S0734-211X97)01701-0

[. INTRODUCTION sors during thin film deposition and etching, including

plasma optical emission interferometrand quadrupole

Increasing dem_an@s .for mp_roved product yields, t_hrough'mass spectromet?~° Quadrupole mass spectrometry has
put, and reproducibility in semiconductor manufacturing will been used as a real-time sensor in rapid thermal CVD of

require real-time Process seﬂr;;ors for reaction mon'tc.)rmgsilicon,6 epitaxial silicon CVD’ electron cyclotron resonance
equipment ar_‘?"ys's’ and cont .Iasma enhanced chemlcgl CVD of Si0,,? and silicon nitride PECV.Mass spectrom-
vapor deposition(PECVD) and etching processes used in etry is attractive for gas phase process analysis and charac-

semiconductor device manufacturing involve complex gas_:_ .. e . :
9 PIeX 9834 i7ation because it is a relatively simple and robust tech-

and surface reactions that are difficult to analyze, quantifyni ue for sensing neutral and ion species, and its application
and predict. Plasma deposition of hydrogenated amorpho u 9 P ' PP

silicon (a-Si:H) is widely used in active-matrix liquid crystal 0 residual gas analysis is well known. Mass spectroscopy

displays? and the ability to sense the chemical process inalso meets many of the criteria of an idéalsitu process

real time could significantly impact the manufacturing of sensor: it is relatively INEXPENSIVE, It can be.used W'.thOUt
these devices. Also, low temperature plasma enhanced selecg—Sturblng T[h? process itself, it requires only minor mOd'f'C?“
tive area silicon deposition offers advantages in thin fimtions of %X'Stmg eq”'pme.”t' and it canbbe Zensmve t? equip-
transistor fabrication and performarntébut is not currently ment and process variations over a broad range of process

used in manufacturing, in part because of perceived proceé%ond't'ons'

complexity, and sensitivity to process fluctuations and cham- NEW approaches for real-time process sensors that are
ber conditions. Monitoring of this process in real-time couldSIMPI€ to implement and give direct information regarding

lead to process improvements, and enable the transition df€ Plasma process chemistry need to be developed for run-
this process into a manufacturing environment to-run and real-time process control. Run-to-run process con-

Sensors that detect gas phase reactant and product spedféd involves post-process comparison of equipment and pro-
are “process-state” sensors, whereas, techniques that df€SS data to a simulation or refergnge data set. 'Informat|on is
rectly observe the deposited or etched surface are “waferfen fed back, and set point deviations are adjusted for the
state” sensors. Process-state sensors can be used to imprdi@t run. In real-time process control, the sensor and simu-
process reliability, for example, by quantifying run-to-run lated data sets are c_ompared and analyzed as the data is
repeatability, detecting and characterizing process faults angPllected, and corrections are fed back as the process pro-

perturbations, and by qualifying reactor preparation duringceeds-. _
conditioning or plasma cleaning steps. In this article, we show that mass spectroscopy can be a

Various techniques have been used as process-state s¢gluable real-time process-state sensor for plasma deposi-
tion. We describe a two stage differentially pumped quadru-

aDepartment of Chemical Engineering. pole mass spectrometric sensing tool that we have con-

PElectronic mail: parsons@ncsu.edu structed that shows sensitivity to both equipment and process
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Fic. 2. Schematic of the double differentially pumped mass spectrometer

Exhaust H sensing apparatus. The sniffer in the reactor exhaust is connected to the first

pressure reduction stage through a flexible hose. Typical pressures in the

Lo . .. exhaust, pressure reduction stage, ionization region, and ion sensing region
Fic. 1. Plasma CVD reactor used for thin film deposition. The dePOS't'O”during operation are indicated.

area is approximately 3335 cnf, and the mass spectrometer senses the
exhaust stream as shown.

mass spectrometer sniffing point. The gas pulse cycle times

perturbations. We show process-state data obtained in redi'® typically 20 s for depositiofsilane flows intg the sys-
tem), followed by 50 s for hydrogen exposutsilane by-

time for plasma CVD, and use the data for “process metrol- th tom into th hausnder th giti
ogy” to quantify and interpret the reactions occurring in the passes the system into the exhaushder these conditions,

system. Specifically, for amorphous silicon deposition, Werepe_atlng the gas mo_d_ulatlon for_ 100 cycleg results_ In ap-
observe the extent of reaction in real time, and characterizBr_oxImately 700 A of silicon seleqlvely o_lep_osned on silicon,
the effect of process conditions on reaction stoichiometry. IﬁN'th no deposition on glass or silicon dioxide surfaces.
pulsed-gas selective deposition, we observe silane depletion
during deposition, and silane productitetching during hy-  B. Mass spectrometric process sensing system
droggn plasma exposure. In add.ition, we show an .exa'mple of A two stage differentially pumped mass spectrometric
real-ime fault detection, and discuss other applications ofrgcess sensing system has been developed for real-time
real-time mass spectroscopic analysis in plasma dePOS't'O%ensing of the plasma process, and a schematic is shown in
Fig. 2. The system is arranged to sample the exhaust port,
II. EXPERIMENTAL SYSTEM AND PROCEDURE but the system design will allow us to use the same mass
spectrometer to sense the plasma directly. In its present con-
figuration, the sensing system consists of a changeable sniff-
Film deposition studies were performed on a large aredng aperturg1.5 mm attachedd a 6 in. long 1/4 in. SS tube
PECVD reactor shown in Fig. 1. Substrates are transferredonnected throdg a T connector to the exhaust of the
through a load lock, and the reactor base pressurx 18  PECVD tool. The butterfly valve for reactor pressure control
Torr. The plasma is powered at 13.56 MHz and the deposiis downstream from the sniffer port, so that the pressure in
tion pressure is between 0.4—2.0 Torr. Substrates are loadedmpling area is the same as in the deposition zone. The first
face down on the grounded electrode which has an area @umping stage consists of the sniffer tube, connected with a
40.5 cmx42 cm. Gas is delivered through a showerhead arflexible tube to a chamber, with a 50/s turbomolecular
ray of holes in the powered electrode which has an area of 3Bump to reduce the pressure to near “LTorr. For the ap-
cmx35.5 cm. The inter electrode spacing is 3 cm. Siliconertures used, and a reactor pressure of 1.5 Torr, the flow in
deposition was performed using silane gas of 99.999% puritghe thin sniffer tube is in the transition zone between molecu-
from Voltaix Inc. Amorphous silicon films were deposited lar and viscous flow regimes, and the flow is molecular in the
using 50 standard cubic centimeters per min{gecm) of larger flexible tube and the chamber. At a process pressure of
SiH, at 0.4 Torr, substrate temperature of 250 °C, with rf0.4 Torr, the flow is close to molecular in the sniffer tube and
power held constant between 10 and 50 W. Typical deposimolecular in the first stage. Under these flow conditions, the
tion time was 10 min, resulting ia-Si:H films with thick-  absolute measured concentrations are expected to be affected
ness between 500 and 2500 A. In this reactor, we have aldoy differences in diffusivity and pumping rate, whereas the
analyzed a pulsed-gas flow process for selective area silicarlative values will not be significantly affected. Therefore,
PECVD, where Sik flow is modulated into a Kplasma. the gas composition at the aperture leading into the mass
For selective deposition, we used silane and hydrogespectrometer can be related to the composition of the gas at
with flow rates of 10 and 1500 sccm, respectively. Typicalthe sniffer aperture in the reactor exhaust. From the first
process conditions are 1.5 Torr pressure, 70 W rf power, andtage, gas flows through an aperture into the ionization re-
a substrate temperature of 250 °C. Hydrogen gas flows corgion of the quadrupole mass spectrometer. We have used an
tinuously, while the silane flow is periodically pulsed into MKS PPT430 quadrupole mass spectrometer with a 0—300
the reactor, or into the exhaust well downstream from theamu range. This unit is configured with a partial enclosure

A. Silicon deposition processes
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around the ionization region, allowing the ionizer to be 10 ; * -
maintained at a higher pressuf® “-~10 2 Torr) than at the ‘;8 :Zcm Gy, | Plasma
filament in the housing manifoll0~’'—10 ° Torr). The sig- 0.4 Torr On lpcl)?;ma
nal is collected in the Faraday cup. The pressure in the mani-
fold is maintained with a 507/s (N,) turbomolecular pump.

The mass spectrometric sensor system was designed using
a fluid-mechanical gas flow model to determine the aperture
sizes for optimum pressures in each zone of the sensor sys-
tem. The model was constructed as a dynamic simulator in-
cluding a throughput balance and standard conductance
expressiond? In the simulation, using the desired reactor
pressure, known volumes of each pumping zone, and the
given pumping speeds, we adjust the aperture sizes and esti- 0
mate pressure in the first pumping stage and in the ionization 0 5 0 15 20 25 30
and ion sensing regions of the mass spectrometer. We then Time (min.)
choose the aperture sizes to optimize the signal intensity in

the mass spectrometer for the particular process being an§¢: 3- Real-ime hydrogefi2 amy and silane(30 amy signals vs time
| d. For th h ili d it . t (iuring amorphous silicon deposition at 40 W of rf power. The Sikignal
yzed. For thé amorphous silicon aeposition experments & proportional to the silane partial pressure in the reactor. The total depo-

0.4 Torr, the sniffer aperture was 1.5 mm, and the massition time was 10 min and the times at which the plasma was turned on and
spectrometer input aperture was 0.23 mm. For the selectivelf are indicated. The integrated area corresponds to the silane consumed
silicon deposition at 1.5 Torr, the same apertures were use§urnd the deposition.

with a larger pump on the mass spectrometer manifold.

These apertures were not precisely optimum, but gave go_ogrnu corresponding to the SjHsilane fragment and Hre-

signal-to-noise performance, and were sufficient for the Nspectively, are plotted as a function of time in Figs. 3 and 4.
tial experiments reported here.

. In Fig. 3 the rf power was 40 W, and 20 W was used for the
Bata in Fig. 4. These experiments were conducted at 0.4
e"I'orr, 250 °C with 50 sccm SilH Each plot shows the signal
baseline(plasma off, before and after the juand the signal
when the plasma is running. The baseline signal at 2 amu
Xorresponds to hydrogen produced during the cracking of
%iH4 in the ionizer. The change in the baseline signal before

250°C '

x10 ® Torr)

H;" (2 amu)

Area

Partial Pressure

SiH* (30 amu) |

silicon deposition was collected at 2, 30, and 31 amu, corr
sponding to H, SiH; , and SiH fragments of Sil, respec-

tively. The data was collected using a dwell setting of 8 for
each mass point monitored, corresponding to approximatel
a 1 s collection time for a data set containing three mas

points. the plasma is initiated is observed because an insufficient
filament warm-up time was used in these early runs. When
the plasma is initiated, we observe a distinct decrease in the
lll. RESULTS . X . :
silane related signal, and a sharp increase in the hydrogen
A. Hydrogenated amorphous silicon deposition related signal, indicating real-time sensitivity to silane con-
The overall reaction for silicon deposition from Siklan
be written as
SiH, <Sig+2H, . (1) 0 mZow—
© © 50 sccm SiHy
In plasma processes, in addition to deposition, silicon is of- & ¢ [| 04 Torr
ten consumed in undesired homogeneous reactions that form = 250°C
higher silanes. With these reactions, the silicon mass balance °'°9
is given by x OF 0
. . . . = 2
S'Input:S'Output+S'Deposited+S|Homogene0Lps (2) 2 4
[
where Sy, represents the total amount of silicon flowing E
into the reactokas silangover a given time, $ipositediS the & 5 | SiH *
amount of silicon deposited on the substrate and on the & g
chamber walls, $jmogeneous!S the amount of silicon con-
sumed in gas phase reactions, angsi:represents the sili- 0 : : : : e
con not consumed in the reaction and output through the 0 > 10 15 20 25
Time (min.)

exhaust. The value for §j is directly proportional to the
silane partial pressure measured by the mass spectrometer

: T s Fic. 4. Real-time mass spectrometer signal for amorphous silicon deposition
system, prior o initiating the plasma. The value foé‘@“tls at 20 W shown on the same scale as in Fig. 3. All other conditions are the

measured Wh".e the plasmfa is on, and gen(_arally depends Qme as those used in Fig. 3. The large signal at 1 min resulted from the
process conditions. Real-time signals obtained at 30 and @itial flow of gas into the sensor.
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Fic. 5. Correlation between Sitonsumption and kigeneration calculated  Fig. 6. Silane utilization plotted versus rf power, showing a linear increase
from time integrated differential area under the Sithnd H* signals as  in utilization with power.

shown in Fig. 3. The linear trend observed indicates stability in overall
reaction stoichiometry with changing rf power.

modulated flow of silane into a hydrogen plasma. Selective
. . . deposition allows silicon to be deposited only on receptive
sumption and hydrogen production during plasma qepOS'éreas of a patterned substrate, and be eliminated from other
: . : . Rireas. The mass spectrometry system has been used to ana-
resents the difference gy —Sioupu SO that the integrated lyze the silane and hydrogen gas output during plasma en-

signal over the run time corresponds to silicon lost to depO'hanced pulsed-gas selective area silicon deposition using the

tSr:tIO_n tand Togwg%eneous _rea;:noTs.l Comr;an?r? Fllgs. 3 anld(?rocess conditions described above. Figure 8 shows the in-
€ Integrated ditterence 1S clearly larger for he larger valu ensity of the amu 30 silane signal plotted versus time for

of rf power, consistent with the observed higher depositiorbOth the plasma off and plasma on conditions. With the

rate. Th? integrated decrea:'se in the s_ilane rela}ted signal fasma off, the sensor clearly shows the time dependence of
amu 30 is compared to the integrated increase in the hydr he SiHy* signal corresponding to the partial pressure modu-

gen S|gr1al_|n Fig. 5. A linear trend is ob;erved indicating thatIation. The asymmetric shape, with a gradual tail after silane
the stoichiometry of the overall reaction does not chang(?IOW is turned off, is due to the gas residence time in the

ap[_)rrr?mgbiy W'tlr:].varémg go4nd|t|onT. b di -t tchamber. From an exponential fit we estimate the residence
€ data in Fgs. 5 anc # can aiso be used in rea-time o 4, pe g s, consistent with the known flow rate and
determine the extent of the silane consumption in reaCt'orﬂ)ressure, and the estimated reactor volume. When the plasma

(1) _and the S"a”e_ u_t|||zat|o_n fractpn. Silane ut|I|zqt|on 'S is turned on, the silane signal in Fig. 8 shows a similar time
defined as the rati@Siy,pu— Sioutpud/Siinput» Where the input

value is the baseline, and the output is the average value over
the run period. Silane utilization is plotted versus rf power in

Fig. 6. The data shows the relatively low silane utilization in 10 " " '
this process, with a linear increase in silane consumption 3.54“40”
with increasing rf power. g 8 1 2 am 250°C
Real-time process sensing can also be used for fault de- = 2 Plasma 50 scem SiH,
tection. An example fault during amorphous silicon deposi- = Stabilizes
tion detected in real-time is shown in Fig. 7. After 2 to 3 min z 9 T
into this run, we noted that the silatemu 30 and hydrogen % Begin Manual
(amu 2 signals showed an erratic behavior, whichled usto g  4f Tuning 1
inspect the reactor. The plasma was fluctuating and the au- i;
tomatic matching network was not correctly tuned. By manu- £ o 1
ally adjusting the matching network for 1-2 min, the plasma ™ SIH_* (30 amu)
was stabilized, and the run proceeded. The data in Fig. 7 :
clearly shows the effect of plasma instability and network 00 5 1'0 1'5 20
tuning on the gas phase reactant and products in real time. . .
Time (min.)
B. Plasma enhanced selective area silicon deposition Fic. 7. Real-time Sil"™ and H,* signals for an amorphous silicon deposi-

. - .. . tion run where a process fault is observed. The plasma fluctuated for the first
Substrate selective silicon deposition can be achieved amin due to improper tuning of the plasma. The plasma was tuned manu-

low temperature by plasma enhanced processes using tinagy for 1-2 min, then the process stabilized for the final 5 min.
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ST —— signals on the logarithmic scale indicates that the amount of
£ SiH, pulsedinH, Plasma Initiated silane lost to deposition is a factor of 2 to 3 larger than the
[SiH, on/off = 20s/50s amount of silane produced during the hydrogen exposure
(etching cycle.

Using the “pulsed gas” process, selective deposition pro-
ceeds as follows: when the silane flows to the reactor, a thin
layer of silicon(typically less than 50 Ais deposited on all
substrate surfaces. The structure and bonding in this thin
Plasma On nucleated layer is dependent on the structure of the substrate
surface. When silane flow is diverted from the chamber, the

Plasma Off ] thin silicon layer is exposed to atomic hydrogen generated in
- . the plasma. Atomic hydrogen is sensitive to the structure of
109 L e b the deposited surface, and is likely to insert into more highly
10 15 20 25 strained Si—Si bonds. The difference in nucleation of thin
Time (min.) silicon layers on different substrates results in a higher pref-
erence for etching by atomic hydrogen. The ability to tune
Fic. 8. SiH," signal vs time during selective area silicon deposition with the deposition thickness and the hydrogen exposure time al-
modulated gas flow. The time dependence is consistent with the gas rejows us to achieve selective area deposition on a variety of
dence time in the chamber. Note that when the plasma is initiated, theoirates. This picture of the selective deposition process
maximum §|Iane §|gna! is reduced, corresponc!lng to deposmon, and thPI . )
minimum silane signal is enhanced, corresponding to etching. as been developed through a series of experimental
results>112 However, the mass spectroscopic results pre-
sented here are the first direct demonstration that etching by
dependence as in the plasma off condition. However, wheatomic hydrogen is a critical process for achieving selective
the plasma is turned on, the silane signal during the time thajeposition.
silane flows to the reactor is smaller than measured when the
lasma is off. Also, during the time that silane bypasses the
Peactor, turning the plasr%a on results in Iargeryspignal than”" DISCUSSION AND CONCLUSIONS
when no plasma was present. When silane flows to the reac- The data presented above shows that quadrupole mass
tor, the silane signal is expected to decrease due to deposipectroscopy can be a valuable diagnostic tool during plasma
tion when the plasma is initiated, similar to data in Figs. 3deposition of silicon to obtain equipment, process, and
and 4. During the part of the cycle where silane bypasses thehemical information in real-time. For amorphous silicon
reactor, the larger silane signal when the plasma is on result#eposition processes, we have shown that reactant and prod-
from etching of silicon by atomic hydrogen in the plasma.uct signals are clear and discernible, and that mass spectros-
This difference between the plasma on and plasma off statespy can give immediate information concerning the reactor
is more clearly shown in Fig. 9 where the signal intensitiesstate, including gas phase species and concentrations, before,
before and after plasma initiation are superimposed. Integratturing, and after deposition proceeds. For this analysis, we
ing the difference between the plasma on and plasma offoutinely use collection times ne& s per mass set, which is
sufficient resolution in reactor systems where the typical gas
residence time is a few seconds or more. Similar to other
studies of mass spectroscopy sensing of rapid thermal CVD
processe8,we find that using mass spectrometry for real-
time analysis of plasma deposition can give significant in-
sight into the deposition reaction chemistry. Through mea-
surements of silane utilization and analysis of reaction
stoichiometry, for example, process mechanisms and perfor-
mance can be easily analyzed. This could be used to improve
process design and efficiency. Also, by developing a corre-
lation between the silane utilization and the film thickness,
Plasma \ ; mass spectrometry may be suitable as an indirect wafer-state
Off Etching ] sensor for on-line process metrology in manufacturing.

As shown in Fig. 8 above, the mass spectrometer is useful
for real-time fault and fluctuation detection. In intelligent
manufacturing systems, a real-time mass spectrometer sensor
could be used for fault classification, where data is compared
to a simulation output which includes categorized fault

Fic. 9. Si, - signals with and without plasma from Fig. 8 superimposed on 1, 4ag and potential corrections. Process control may also be
a logarithmic scale to show the difference due to deposition and etching.

The integrated silane consumption per gas-pulsing cycle is a factor of z_gnpor_tant in silicon thin_ film manUfa_CtU”ng- Run-to-run or
larger than the silane generated during the etching. real-time control could include real-time mass spectroscopy
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for direct and rapid monitoring of multiple gas phase speciesgests that mass spectrometry could be a valuable sensor in
Control is then achieved by comparing a reaction data sePECVD thin film manufacturing applications. Coupling
including the mass spectrometer and other sensor outputdiese sensors with process simulation capability can allow
with a simulated or previously measured “optimum” data for fault classification and in-line process control.
set, and making corrections to minimize deviations in real-
time, or before the next run. o ACKNOWLEDGMENTS
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