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SUMMARY

A liquid crystal (LC) and a side-chain liquid crystalline polymer (SCLCP) were tested as suglace acoustic

wave (SAW) vapor sensor coatings for discriminating between pairs of isomeric organic vapors. Both
exhibit room temperature smectic mesophases. Temperature, elecmic-jield, and pretreatment with selj-
assembled monolayer comprising either a methyl-terminated or carbo~lic acid-terminated alkane thiol
anchored to a gold layer in the delay path of the sensor were explored as means of affecting the alignment
and seltictivity of the LC and SCLCP jilms. Results for the LC were mixed, while those for the SCLCP
showed a consistent preference for the more rod-like isomer of each isomer pair examined.
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INTRODUCTION

The selectivity achievable among multiple organic vapors
with coated surface-acoustic-wave (SAW) vapor sensors or
sensor arrays depends on the interracial coating film(s)
applied to the sensor(s). With commonly employed
isotropic sensor coatings, such as rubbery amorphous
polymers and chromatographic stationary phases,
responses are governed by bulk sorption which, in turn,
depends on the volatility of the vapor and the vapor-
coating functional-group interactions. While successful
measurement and discrimination of organic solvent vapors
have been demonstrated using such materials in small
arrays, structural homologies and isomers can be difficult
to resolve [1-5].

Sensor coating materials with controlled pore sizes or with
inherent anisotropy that exhibit size and shape selective
sorption may afford enhanced discrimination of
stmcturally similar vapors. Among those materials shown
to provide shape selectivity are liquid crystals (LC). The
use of LC stationary phases for separating isomers in gas
chromatography is well-known, and a number of reports
have appeared on their use as interracial films in chemical
sensors [6-9].

In this presentation, we describe work with two LC
materials - a low-molecular-weight alkyl cyano biphenyl
compound ,aad a side-chain liquid crystalline polymer
(SCLCP). Responses to three pairs of isomeric organic
vapors were measured as a function of concentration,

temperature, surface pretreatment, and pre-alignment in an
electric field. Results are used to assess the extent of shape
selectivity achievable with these coating materials.

METHODS

The LC, 4-n-octyl-4’-cyanobipheny1 (K24, Figure 1) was
obtained from EM Science (Hawthorne, NY). According
to the manufacturer it has a crystalline-to-smectic

transition at 21 “C, a smectic-to-nematic transition at

32.5°C, and an isotropization temperature of 41”C. The
SCLCP (Fig. 1) was synthesized by a modification of a
known procedure. The product had a number-average
molecular weight of 7500 (GPC), (Xn = 50), a T~ of 13 “C,

and an isotropization temperature of 121 “C.

The isotropic polymers polyisobutylene (PIB, Aldrich) and
bis-cyanoallylpoly siloxane (OV-275, Supelco) were used
as reference sensor coatings in most test sequences. The
former interacts with vapors solely by dispersive forces
and the latter contains pendant cyano groups -- a feature
shared with both of the liquid crystalline materials.

The ST-quartz SAW delay-lines employed were
configured as oscillators with a center frequency of
97 MHz. Up to six sensors were operated simultaneously
within a thermostatted test case which was plumbed to
allow simultaneous flow over all of the sensors. The
isomers examined were: n-octane and iso-octane; p-xylene
and m-xylene; and 4-methylstyrene and a-methylstyrene.
Test atmospheres were generated using bubblers and a
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EXPERIMENTAL

The material in this work was grown in a vertical flow, high speed rotating disk,
Emcore GS/3200 MOCVD reactor. InXGal.XAsl-YNY films were grown using
trimethylindium (TMIn), trimethylgallium (TMG), 100% arsine and dimethylhydrazine
(DMHy). N-type material was achieved using silicon tetrachloride (SiCIJ and carbon
tetrachloride (CC14) was used to dope films p-type. Disilane (SizHG) was also
investigated as an n-type dopant. The V/111 ratio ranged between 50 to 150 and the
growth rate between 6 and 20&sec. All samples were grown at 60torr and at 600”C or
61O”C with hydrogen as the carrier gas. Room temperature Hall measurements were
made to determine the carrier concentration and mobility. Photoluminescence (PL) at
300K was used to determine the bandgap.

Iridium composition of the quatemary alloy was determined from using the Group III
composition obtained fi-om calibration growths of InGaAs. The nitrogen composition
was then determined from double crystal x-ray diffraction measurements of the alloy.
The iridium and nitrogen compositions were also confirmed from Rutherford
Backscattering Spectroscopy (RBS) and Elastic Recoil Detection (ERD) measurements
respectively. RBS measurements of the In composition showed the it to be 1 to 2 atomic
percent higher than that expected from the In/111 gas phase ratio. The indium
compositions reported in this work are based on In/HI gas phase ratio.

RESULTS

A significant increase in photoluminescence intensity was observed from
InGaAsN films following a post-growth annealG (Fig. 1). Anneals were carried out in a
rapid thermal anneal system under nitrogen using a sacrificial GaAs wafer in close
proximity to the InGaAsN sample. The PL intensity was a maximum for samples
annealed for either 700”C for 2 minutes or 650”C for 30 minutes. Longer times at higher
temperatures resulted in lower PL intensities. Without annealing, little band edge
luminescence was observed at 300K and only a broad, low energy band was present.
After annealing, band edge luminescence was observed at 300K and the emission from
the low energy band was noticeably reduced. All samples reported in this work were
annealed at 650”C for 30 minutes. This thermal annealing process also increased the
internal quantum efilciency of solar devices by a factor of 5.5

High DMHy/V ratios (0.90< N/V<O.98) were required to incorporate nitrogen
(Fig. 2). In general, higher N/V ratios resulted in increased N incorporation as indicated
by the shift in lattice mis-match and the longer PL emission wavelengths. However, for
N/V ratios exceeding 0.981 the nitrogen incorporation decreased rapidly and surface
morphology degraded. The low partial pressure of AsH3 in the gas phase for the highest
N/V ratios used results in the surface decomposing and roughening.
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Figure 1. Post growth or “ex-situ” thermal annealing significantly increased the band
edge photoluminescence and reduced the broad, low energy peak.
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Figure 2. The lattice mismatch from GaAs measured by x-ray diffraction of InGaAsN
alloys grown with different N/V ratios are shown. The Group III flux was held constant
for each set of constant iridium composition. The nitrogen composition of samples
plotted ranged from <0.01 to 0.022 depending on the In composition.
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All unintentionally doped fihns measured were p-type with hole concentrations fi-om
the 1 to 5el 7cm-3 with mobility ranging from 55 to 80 cm2/V/sec. No correlation in
mobility with N/V ratio was observed in the “as grown” films. However, following the
post-growth anneal, the hole concentration increased significantly and ranged from 9el 7
to 1.3el 8 cm-3 as the N/V ratio increased. The hole mobility was similar to that of the as
grown samples. It is believed that the post-growth anneal is activating background
carbon by driving off passivating hydrogen. Sufficiently high concentrations of carbon
have been measured by Secondary Ion Mass Spectrometry (SIMS) to account for the hole
concentration following annealing. The change in hole concentration suggests that
carbon incorporation is enhanced at higher N/V ratios. Thus, growth conditions under
lower N/V ratios would be desirable for photovoltaic devices as less carbon will be
incorporated with higher AsH3 flows.

As shown in Figure 3a, the growth rate depends on the total group III flux when the
group V transport is fixed as is typical of III-V compound semiconductors. However, the
growth rate has also been found to depend on the N/V ratio. (Fig. 3b) Lower N/V ratio’s
result in higher growth rates regardless of whether the AsH3 flow is increased or the
DMHy flux is decreased. Considering the large excess of DMHy, changes in this flow
could be perturbing the gas flow in the chamber resulting in the observed change in
growth rate. However, similar changes in growth rate are effected by small changes in
the AsH3 flow which would not be expected to alter gas flow. It is likely that some
parasitic gas phase reaction with the DMHy is occurring though site blocking arguments
can not be ruled out.

P-type doping was readily achieved with CCL and DMZn. (Fig. 4) Hole
concentrations to 9e 17 cm-3 were achieved in C doped films before post growth
annealing. Higher doping levels were not investigated since they would not be of interest
for photovoltaic devices. Similar hole concentrations could be obtained using DMZn.
Measurements of the Zn concentration by SIMS was consistent with the hole
concentration. Following post growth anneals, the hole concentrations in both Zn and C
doped material increased significantly as the passivated background carbon is activated.
The carbon concentration as measured by SIMS was again sufficiently high enough to
account for the increased hole concentration. As with the unintentionally doped alloys,
hole mobility was low in both C and Zn doped films and ranged between 56 to 93
cm2fV/s. Again, no significant change in mobility with post growth annealing was
observed.

Alloy composition did not change with DMZn doping. However, both the lattice
mis-match and bandgap changed with CC~ doping level. As the CC14 concentration
increased, the x-ray diffraction peak moved in the +co direction and the bandgap
decreased. Though higher incorporation levels of nitrogen would have this same effect it
is more plausible that the group III composition was altered by preferential etching of
either In or Ga which would also in turn effect the nitrogen incorporation,
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Figure 3. (a) The growth rate of InGaAsN alloys depend on the total group III
transport for a fixed N/V ratio. (b) Unlike most III-V compound semiconductors, the
growth rate also depends on mass transport of the either group V element.

N-type doping has been more difficult to control. For alloy compositions
approximately 2°/0 N and 7°/0In, only p-type or heavily compensated material was
obtained using disilane (Si2H6). SIMS analysis of a such a sample showed a Si
concentration of 2.4el 8cm-3 even though the as grown material was p-type with a hole
concentration of 3el 7cm-3. The C concentration measured by SIMS (8e17cm-3) was
clearly less than Si indicating that Si is either largely interstitial or self compensating



under this growth condition. Also, poor surface morphologies typically resulted fi-om
attempts to use disilane for these conditions. Good surface morphology and n-type
material was obtained for disilane doped alloys with approximately 10/0N and 3% In.
The effectiveness of disilane was found to be strongly dependent on growth conditions.
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Figure 4. P-type doping was achieved with CC~ and DMZn. However, samples doped
with increasing levels of CC14 shifted composition where as DMZn doped samples did
not.

Silicon tertrachloride (SiC14) was successfidly used to obtain n-type material with a
1.05eV bandgap. Electron concentrations fi-om 2 to 5el 7 cm-3 and hole nobilities
between 150 to 250 cm2/V/sec were measured in as grown material. Thermal annealing
reduced the electron concentration to the 5 to 9el 6cm-3 as the residual carbon was
activated. Only a narrow range of electron concentration could be obtained as higher
SiCb flows resulted in lower carrier concentrations and poor surface morphology. The
composition was also found to change with increasing SiCb flows similar to that
observed when doping with CC14. A SIMS measurement shows that Si (2.5el 8cm-3) is
incorporating at a level similar to that measured for disilane. The low resulting electron
concentration and C levels at 7el 7cm-3 again suggest problems with Si incorporating as
an n-type dopant under the growth conditions used in this work.
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