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The influence of the metal substrate on the measurement of high resolution THz vibrational modes of

molecular solids with the waveguide THz-TDS technique is investigated. The sample film of salicylic

acid is studied using waveguide THz-TDS on three different metal substrates and two-surface

passivated substrates. The independence of the observed THz vibrational modes to the metal substrate

is demonstrated. Independently, surface passivation is presented as a viable experimental addition to the

waveguide THz-TDS technique to aid the characterization of samples with known reactivity to metal

surfaces.VC 2012 American Institute of Physics. [doi:10.1063/1.3678000]

I. INTRODUCTION

Waveguide THz-TDS has been developed as a spectro-

scopic tool to obtain high resolution and significantly narrow

resonance features of molecular solids in the THz spectral

region. The demonstration of dispersion free and low loss

propagation of broadband THz pulses as a TEM mode in the

metal parallel plate waveguide (PPWG)1 forms the basis for

this technique, wherein the sub-wavelength confinement of

the THz pulses between the metal plates of the PPWG is

exploited to perform sensitive spectroscopy of sample films.

This high sensitivity was demonstrated by J. Zhang and

Grischkowsky2 by detecting 20 nm thick water layers within

the PPWG. Since the first demonstration of the waveguide

THz-TDS technique to characterize molecular solids by

Melinger et al.3 in 2006, it has been successfully employed

to extract the high resolution THz vibrational data of a vari-

ety of molecule types, ranging from organic, biological,

pharmaceutical as well as explosive and energetic

materials.3–10 The increased resolution offered by this tech-

nique has resulted in the observation of new THz vibrational

modes often hidden by various broadening mechanisms, and

which for some of the explosive materials, can be compared

to recent single crystal measurements at low tempera-

tures.11,12 The increased resolution has the potential to lead

to better understanding and modeling of the molecular

solids.13

An important issue which has not yet been studied

experimentally in a systematic way is the effect of the metal

surface on the THz spectrum of the polycrystalline film.

Interactions between the molecular analyte and the metal

surface can, in principle, alter the frequencies and intensities

of the THz vibrational modes. We consider two possibilities.

The first is the potential for metal ions to incorporate into the

parent organic film. In waveguide THz-TDS polycrystalline

films are formed on the metal surface (often Cu, Au or Al) of

the waveguide plate. When the drop casting technique is

employed to cast these films, the sample solution sits on the

metal plates for a finite time before crystallization occurs.

This time is greatly dependent on how volatile the solvent is.

The successful evaporation of the solvent leaves behind a

thin polycrystalline film of high crystallinity on the metal

surface. During the time the sample is in the solution phase

there is a possibility of metal ions entering the solution and

being incorporated within the crystalline lattice to form a

molecule-metal complex. We have observed a few cases

where Cu ions have become incorporated into organic films.

For example, in the case where the amino acid tryptophan

was drop cast from aqueous solution on Cu (during our ear-

lier attempts to characterize bio-organic samples4), the nor-

mally colorless tryptophan solid turned blue-green,

suggesting a reaction with Cu ions. The reaction was

observed only when water was used as a solvent and can

likely be attributed to the Cu (II)-amino acid reaction.14,15

We found that the incorporation of Cu ions greatly affects

the tryptophan spectrum, so that only one of the four THz

resonances observed at 77 K survives. The reaction was not

observed when a non-aqueous volatile solvent was used, or

when Al was used as the substrate. In general, the formation

of a molecule-metal complex film will depend there being

sufficient metal ions present and the propensity for complex-

ation to occur.

A second case is the potential interaction of the molecu-

lar film and the metal surface in the interfacial region. As an

example, a recent theoretical study by Guadarrama-Perez

et al., model and analyze the interaction of the molecule

RDX with an Al surface.16 In that paper, the authors predict

the formation of a RDX-Al complex that is mediated by the

interaction between oxygen atoms of the RDX nitro groups
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and the Al surface. From this interaction they calculate a

coupling of the RDX vibrational motion to the motion of the

Al atoms at the surface. The authors then predict that this

interaction is one of the reasons for the additional vibrational

lines resolved using the waveguide THz-TDS technique. But

in a recent paper from our group, RDX was characterized

using the waveguide THz-TDS technique on two different

substrates namely Au-coated Cu and Al, and we have

observed that the THz vibrational spectrum does not signifi-

cantly change.7 While this does not preclude a significant

interfacial interaction, our observation shows that the bulk

part of the film, which dominates the waveguide THz-TDS

signal, retains the character of neat RDX.

In order to more systematically address the issues of sol-

vent, sample and substrate interaction raised above, we pres-

ent an experimental investigation to test for a substrate

dependence of the observed vibrational modes with wave-

guide THz-TDS. The investigation of substrate dependence

is performed using salicylic acid as the test molecule. This

molecule has been characterized earlier and is known to

have well defined and well separated vibrational modes in

the THz frequency range.5,17,18 The THz response of sali-

cylic acid films is measured on three different metal sub-

strates: Al, Cu, and Au, and on two passivated metal

surfaces: Mylar on Al and a self assembled monolayer

(SAM) on Au. Salicylic acid is first characterized in the pel-

let form and then compared to the absorption features meas-

ured using waveguide THz-TDS to verify that the absorption

features measured using the PPWG match with those

observed in the pellet. The molecule-metal interaction, if

present, is limited to the interfacial region between and does

not affect the subsequent bulk crystallization. In this limit, a

signal due to molecule-metal interactions would be much

smaller than the signal from the interaction of the THz field

with the bulk material. The results shown here are consistent

with previous waveguide THz-TDS measurements, where

the THz spectra of films measured on different metal surfa-

ces showed strong similarity in the observed line frequencies

and line strengths.7–9

II. EXPERIMENTAL SETUP

A standard THz-TDS setup based on photoconductive

switches was used for sample characterization (see Fig. 1(a)).

THz radiation is generated and detected using photoconductive

switches driven by 10 mW optical pulse trains from an 800 nm,

80 fs, 100 MHz mode locked Ti: sapphire femtosecond laser.

The emitted THz radiation is collimated by a high-resistivity Si

lens and a parabolic mirror. A time domain amplitude signal to

noise (S/N) ratio of 10 000 can be achieved with this system.

The entire system is located in an airtight enclosure to over-

come the effects of water vapor absorption on the THz beams.

The system also incorporates either a LN2 cryostat or a me-

chanical He-cryocooler coupled to a vacuum chamber to facili-

tate low temperature measurements.

The metal PPWGs used for waveguide THz-TDS in this

study were fabricated using standard machining tolerances

(see Fig. 1(b)). The dimensions of the two metal plates are

28 mm (width)� 30 mm (length)� 10 mm (thickness). The

inner surfaces were polished to a mirror finish. The PPWG

assembly with a 50 lm gap was obtained by placing four

metal spacers at the corners of each of the plates. THz pulses

are coupled into and out of the PPWG using plano-

cylindrical high resistivity Si lenses at the entrance and exit

faces of the PPWG assembly. The lenses are 15 mm

(height)� 10 mm (width)� 6.56 mm (thickness), with a 5

mm radius of curvature. The PPWG was operated in the

TEM mode which exhibits nondispersive and low loss THz

pulse propagation.1 The polarization of the THz field is per-

pendicular to the waveguide surface. Typical amplitude

transmission efficiency through the 50 lm gap PPWG is

within the range of 20%–25% for frequencies near 1 THz

without the cryo-cooler assembly.

In order to study the substrate dependence of the vibra-

tional modes, three different metal surfaces were chosen

namely Al, Cu, and Au. In addition, these three metallic

substrates were compared to two neutral substrates, a

dielectric 2.5 lm thick Mylar covered Al plate and a self-

assembled monolayer (SAM) formed on an Au coated Si

chip, which is incorporated within a Cu PPWG. The Mylar

covered Al substrate was made by carefully stretching a

commercially available 2.5 lm thick Mylar sheet over the

surface of an Al waveguide plate and securing it using adhe-

sive tape on the back. These two passivated substrates repre-

sent two different passivation techniques namely a simple

mechanical passivation using a dielectric (Mylar) and the

other a molecule specific passivation through SAMs. The

ultrathin (�1–2 nm) SAM layer can lead to surface passiva-

tion without the extra broadband absorption introduced

by the relatively thick Mylar layer. The SAM used here

is 11-hydroxy-undecanethiol (Asemblon, 97%) on an

Au-coated Si chip (15 mm� 30 mm).

The amplitude transmission spectra through the PPWGs

made of four different materials, Al, Cu, Au coated Cu and

Mylar coated Al, and with no sample in place, is compared

in Fig. 2. All the metal PPWGs exhibit good TEM mode

propagation, with a spectral throughput extending all the

FIG. 1. (Color online) (a) Waveguide THz-TDS system with cryogenic

capability (both He-Cryocooler and LN2 cooling setups shown). (b) Metal

parallel plate waveguide used for waveguide THz-TDS.
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way up to 4 THz. The Au coated Cu PPWG has the maxi-

mum spectral amplitude transmission. The Mylar covered

PPWG supports single TEM mode propagation and only

introduces a minor dispersion and broadband absorption

above 1 THz, due to the 2.5 lm thick layer. The high fre-

quency components are attenuated by the Mylar layer, and

we obtain measurable amplitude transmission only up to

2.5 THz. But the clean TEM mode propagation through this

PPWG provides for an easy way to make a neutral substrate

for waveguide THz-TDS.

The salicylic acid pellets were made by making a uni-

form mixture of 27 mg of salicylic acid and 330 mg of poly-

ethylene powder and then compressing this mixture into a

2 mm thick by 10 mm diameter pellet using a hydraulic press

applying a pressure of 11 metric tons. The polycrystalline

films on the waveguide plates were made by the drop-casting

technique from a 10 mg=ml salicylic acid solution in ace-

tone. Prior to the drop casting, the non-passivated metal sub-

strates were cleaned in oxygen plasma for 2 min.

Approximately 250 ll of the solution was deposited on the

substrates and then the solvent was allowed to evaporate to

obtain a thin polycrystalline film. The thick edges were

swabbed to leave a 1.5 cm� 1.5 cm (approx.) sample layer.

These waveguide plates were then incorporated into a

PPWG using matching plates and 50 lm spacers. In the case

of the sample on the SAM-coated surface, the 15 mm� 30

mm Si chip is inserted between the two matching plates and

forms one of the inner surfaces of the PPWG. The Si lenses

are then attached to the system as shown in Fig. 1. The

PPWG assembly is then introduced into the cryostat and the

temperature dependent characterization is performed in the

THz system. All the waveguides were cooled to 13 K and

their THz amplitude absorption spectrum was measured. The

sample temperature was measured by a Si diode temperature

sensor attached to the waveguide. To extract the amplitude

absorbance, a reference, Aref, was estimated by fitting the

amplitude spectra Aspec, at points away from any sharp fea-

tures with a spline. The amplitude absorbance was then cal-

culated via the expression: Absorbance¼ÿln[Aspec=Aref].

X-ray diffraction (XRD) analysis of the thin films on

metal and mylar surfaces was performed using a Rigaku 18

kW x-ray generator and a high resolution powder diffractom-

eter. To approximate a powder spectrum we thoroughly

mixed finely ground salicylic acid powder in apiezon grease

and then spread a thin film of the mixture on a microscope

slide. For all samples, the diffracted beam was analyzed by a

graphite crystal to remove the Cu-K-beta component and the

diffracted intensity was recorded as a function of 2 h.

III. RESULTS AND DISCUSSION

The amplitude transmission spectrum of the salicylic acid

film within a Cu PPWG is shown in Fig. 3. The room temper-

ature measurement shows the evidence of absorption features

around 1 and 2 THz. Upon cooling the PPWG to lower tem-

peratures we can see the evolution of the absorption features.

At 80 K the transmission spectrum reveals the presence of 7

vibrational modes which considerably narrow compared to

the linewidths observed at room temperature. Cooling down

to 13 K results in further line narrowing and results in a well

resolved vibrational fingerprint associated with the salicylic

acid molecule. The absorbance of the salicylic acid film at 80

K is compared in Fig. 4 to that of the salicylic acid - PE pellet,

obtained by cooling the pellet to 80 K. It is clear from the fig-

ure that the modes observed from the pellet measurement are

reproduced in the waveguide data, except for the one at

2.9 THz. The relative intensities are different in the film which

is likely due to polarization effects resulting from the prefer-

ential orientation of the microcrystals with respect to the prop-

agating THz field within the PPWG.

Figure 5 shows the XRD spectrum obtained in the

Bragg-Brentano (h-2h) configuration for polycrystalline sali-

cylic acid films on each of the substrates. For the film on the

Mylar-passivated surface we have increased both the slit

width and acquisition time by a factor of 2 to boost the sig-

nal. For comparison, we also show the experimental powder

spectrum for salicylic acid measured on the same instrument,

as well as the calculated powder spectrum taken from the

FIG. 2. (Color online) Comparison of spectral amplitude transmission

through the PPWG with different substrates.

FIG. 3. (Color online) Transmitted THz amplitude spectrum of the salicylic

acid film within the Cu PPWG measured at 295 K, 80 K and 13 K. The

curves for the 80 K and 295 K measurement have been vertically shifted for

clarity.
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Cambridge Crystallographic Data Center (Mercury 2.4). Sal-

icylic acid crystallizes in the monoclinic system having a

space group P21=a with 4 molcules per unit cell.19 The opti-

cal micrographs of these films on all the substrates are shown

in Fig. 6. For the XRD measurement, the source used Cu-k-

alpha radiation (1.5405 Å) and an x-ray illumination area of

1 cm2. From the x-ray data it is clear that the film exhibits

similar preferential orientation on all the substrates. Compar-

ing the optical micrographs of microcrystals of salicylic acid

on each of the substrates, we can see a strong similarity in

the microcrystal shape and sizes. Clusters of thin, long, nee-

dle like crystals of length �200–300 lm are obtained. Upon

comparison to the powder spectra we conclude that the films

on all the substrates show a preferential orientation along the

(110) direction with a corresponding strong peak at 10.96o

and the next stronger peak at 17.22� corresponding to the

(210) planes. We also see very weak peaks at 15.26�, 15.74�,

17.56�, 28.02� and 33.34� which closely match to the data

base values observed for pure salicylic acid. We note that the

most intense peak in the predicted powder XRD spectrum is

due to the (121) plane and occurs near 2h¼ 25.4�. This peak

is not observed in the XRD of the film, presumably due to

the preferred orientation of the film on the surface.

A more quantitative estimate of the preferred orientation

may be obtained from the March-Dollase method.20,21 Here,

the so-called March parameter, r, is related to the fraction of

crystallites which exhibit a preferred orientation along a

crystalline plane, and is calculated from the equation:21

r ¼
sin2a

ðj=jpÞ
2=3 ÿ cos2a

� �

2

4

3

5

1=3

; (1)

where a is the angle between the plane of preferred orientation

and a comparison plane, j is the observed intensity ratio of the

diffraction peaks of these planes (in the film), and jp is the cor-

responding intensity ratio of the two planes from the random

powder spectrum. A complete preferred orientation will give

r¼ 0, while a fully random orientation will give r¼ 1. It has

been shown that the degree of preferred orientation, called g,

may be obtained from r using the equation,21

g ¼ 100%
1ÿ rð Þ3

1ÿ r3ð Þ

" #1=2

: (2)

To calculate g for the (110) plane we use the (210) plane as a

comparison plane. The angle a between (110) and (210) is cal-

culated from the standard formula for a monoclinic cell22 and

found to be 18.50�. The intensity ratio jp is found from the cal-

culated powder spectrum (Fig. 5). For the films on Au, Al, and

Cu, r¼ 0.24, 0.31, 0.43, respectively, and g¼ 67%, 58%, and

44%, respectively. The most highly textured film is on Au, with

decreasing texture for the films on Al and then Cu. For per-

forming the XRD measurements a Si wafer coated with Au

was used as a substrate. The Si surface is much smoother than

the bulk Al and Cu plates, which allows a higher degree of ori-

entation of microcrystals with respect to the surface normal.

The salicylic acid film cast on the SAM-coated Au sur-

face shows similar preferential orientation on the (110)

plane. There is an additional peak near 2h¼ 33� which is

due to a slight exposure of the Si substrate to the x-ray beam.

We mention that there is some evidence that SAMs with

appropriate end groups can induce a unique preferred orien-

tation of microcrystals on a surface.23 However, the x-ray

spectrum shows that the 11-hydroxy-undecanethiol SAM

does not produce a significantly different orientation for the

salicylic acid film on the surface.

With these results in mind, the absorbance spectrum at

13 K obtained from the waveguide THz-TDS measurements

of salicylic acid films on each of the substrates is compared

in Fig. 7. In each case, we see that upon cooling the resonan-

ces have undergone significant line narrowing in comparison

to room temperature measurements. The films on all the sub-

strates, namely the three metal and the two passivated sub-

strates, exhibit very similar absorbance spectra. The line-

centers of the vibrational modes measured for the films on

each of the substrates using waveguide THz-TDS are col-

lected in Table I. The line centers are determined with a pre-

cision of 1 GHz. The highest precision is achieved around

the spectral region of 1 THz (where the source has the maxi-

mum spectral amplitude (and high S=N ratio) and falls off on

either side of the spectrum as the S=N drops as one moves

away from this spectral region). A minor exception is the

film on the SAM-coated surface, which reveals two addi-

tional resonances near and 2.77 and 2.90 THz. These lines

have appeared in earlier waveguide THz-TDS measure-

ments,5 and also in the pellet measurements of referen-

ces.17,18 As evident from Table I and Figs. 5 and 7, we have

achieved a remarkable reproducibility of the vibrational

mode frequencies for salicylic acid on all substrates includ-

ing Mylar and the SAM passivated waveguide. There is

somewhat less uniformity in the relative line intensities

shown by the different films. This may be due to differences

in the net orientation of microcrystals on each surface. It is

not clear why two additional modes were observed in the

case of the film on the SAM-coated surface. This may be

FIG. 4. (Color online) Comparison of the absorbance of the salicylic acid-

PE pellet to that of salicylic acid polycrystalline film within a Cu PPWG at

80 K. The Cu PPWG measurement has been vertically shifted for clarity.
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simply that the film is more highly textured on the much

smoother surface provided by the Au-coated Si chip com-

pared to the standard “hand-polished” surfaces of the metal

waveguides. These results show that for salicylic acid, if a

significant molecule-metal interaction occurs then its contri-

bution compared to the bulk signal is relatively small and is

not resolved with the current sensitivity of the experiment.

Therefore, the vibrational modes observed are indeed that of

the analyte.

To determine the extent that the current configuration of

waveguide THz-TDS can detect a molecule-metal interaction

confined to the interfacial region, we estimate the size of the

interfacial region of the film affected by the interaction with

respect to the bulk part of the film. If the polycrystalline salicylic

acid film (density of 1.443 g=cm3) with mass of 200 micro-

grams is spread uniformly over the 1.5 cm� 1.5 cm footprint,

its equivalent layer thickness would be approximately 600 nm.

For a molecule-metal interaction that is confined to the interface,

such as the collective vibrational motion of the molecule with

metal surface atoms (as studied in Ref. 16), it seems reasonable

to assume that the depth of the molecular crystal affected would

be at most a few unit cells deep. The largest unit cell dimensions

are 11.52 Å along the a-axis and 11.21 Å along the b-axis,18 so

that the interfacial region of the molecular crystal affected by

FIG. 5. (Color online) Comparison of the XRD

data obtained for the salicylic acid polycrystal-

line film on various substrates, and experimental

and calculated powder spectra. The SAM on

gold is 11-hydroxy-undecanethiol. The table

compares the XRD line centers observed to that

from a database and the respective crystal planes

are also listed.
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interactions with the metal surface might be a few nanometers

deep. This depth is small compared to the estimated 600 nm

thickness of a uniform bulk layer. At the current sensitivity,

waveguide THz-TDS can resolve absorption signals as small as

about 1–2%. With this sensitivity, THz modes due to molecule-

metal interactions could only be observed if these modes have

strong line intensities with respect to the bulk THz modes.

The results obtained here for salicylic acid are consistent

with our previous observations of substrate independence of

organic films on different metal surfaces. These comparisons

have been presented in earlier publications for the explosives

molecules RDX, HMX, and TNT, and the organic solids 4-

iodo-nitrobiphenyl (4INBP) and tetracyanoquinodimethane

(TCNQ),7–9 where the characterizations were done on at

least two different metals to compare the THz vibrational

spectra and to rule out the effect of molecule-metal interac-

tion. For these previous cases and the results here for sali-

cylic acid, the observed independence of the THz spectrum

to the substrate shows that any effects due to the molecule-

metal interaction were confined to the interfacial region and

did not propagate into the bulk portion of the film which is

probed by waveguide THz-TDS.

FIG. 6. (Color online) Optical micrographs of sali-

cylic acid dropcast films on four different substrates

namely Cu, Mylar, Au and Al. Scale bar applies to

all the micrographs.

FIG. 7. (Color online) Comparison of the THz

vibrational modes for salicylic acid obtained using

waveguide THz-TDS for different substrates within

the PPWG. The absorbance plots are vertically

shifted for better clarity.
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Our main conclusion is that for a given crystalline ana-

lyte it is relatively straight forward to choose the appropriate

conditions for casting a polycrystalline film on a metal sur-

face so that the THz spectrum obtained by waveguide THz-

TDS is that of the bulk analyte, and not that of a material

altered by a molecule-metal interaction. In cases where vola-

tile solvents such as acetone, methanol, and chloroform can

be used for drop casting, the solution remains on the metal

surface for a relatively short time and thereby minimizes

interactions with metal ions in solution. The use of non-polar

solvents such as toluene also minimizes the introduction of

metal ions in solution. In addition, we have demonstrated

that dielectric covered metal PPWGs and SAM-passivated

metal PPWGs maintain good TEM mode propagation. Such

passivated metal surfaces can be used as a neutral substrate

for forming polycrystalline films for materials to have known

reactivity to metals, and the full potential of waveguide

THz-TDS in characterizing molecular solids can be realized.

IV. SUMMARY

Using waveguide THz-TDS with three metal substrates

and two passivated metal substrates namely dielectric coated

and SAM coated, we have shown that the observed THz

vibrational modes of a molecular film are independent of the

substrate used. This independence of the vibrational modes

on the substrate shows that either there is no interaction of

the substrate with the analyte, or that the interaction, even if

present, is confined to the molecular layers closest to the

metal and at the current S/N is not thick enough to be sensed

by the THz radiation propagating through the waveguide.

The microcrystals formed in the polycrystalline film in the

PPWG are of high crystalline quality and are responsible for

the well resolved vibrational resonances observed at

cryogenic temperatures. In addition, passivated metal

PPWG’s can be used to characterize analyte molecules with

known reactivity to metals.
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