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Abstract 
Atomically thin material such as graphene is known to be extremely susceptible to its environment, 

including defects and phonons in the substrate on which it is placed as well as gas molecules that 
surround it. Therefore, it is necessary to develop novel methods capable of quantitatively measuring 
the dynamics of adsorption and desorption of molecules on graphene and the influence of those 
phenomena on the electronic state of graphene. In this project, we have developed 
temperature-programmed terahertz (THz) emission microscopy that can map the dynamics of 
absorption and desorption of absorbed molecules on two-dimensional materials and determine the 
adsorption energy of the molecules. We obtained the first experimental value of the adsorption energy 
of locally physisorbed oxygen molecules on graphene and WS2. Moreover, we have developed novel 
THz time domain spectroscopy (THz-TDS) with parallel-plate waveguides (PPWG) to study 
atomically thin materials. We demonstrate that a low carrier density graphene, which induces less than 
1% absorption in conventional THz-TDS, exhibits ~30% absorption in our PPWG-based system and 
the signal to noise ratio is dramatically improved. 

1. Introduction
The successful isolation of monolayer graphene in 2004 and its remarkable properties found

subsequently have paved the way for a new research field of two-dimensional (2D) atomic layer 
materials [1, 2]. Many other 2D materials have since been discovered with a wide range of 
characteristics, from metallic to semiconducting to insulating, opening up exciting new opportunities 
for the development of devices based on monolayers, bilayers, and heterostructures of 2D materials [3, 
4]. However, since these materials typically consist of one or a few atomic layers, their properties are 
extremely susceptible to perturbations from their environment. Exposure to gases, for example, has 
been shown to drastically affect their electrical and optical properties [5, 6], which means that in order 
to realize 2D-materials-based devices, it is crucial to understand the influence of gas adsorption and 
desorption dynamics on their properties. 

Of the possible gas adsorbates/contaminants, oxygen (O2) is one of the most important because not 
only it significantly alters the properties through doping, it is also the second most abundant gas in the 
atmosphere and is therefore highly likely to affect the performance of devices in practical applications. 
Though theoretical simulations proved to be useful in understanding the interaction of O2 molecules 
and/or O atoms with 2D materials, conflicting results for the adsorption energies were obtained due to 
the inability of the approximation functionals used to properly describe the dispersion forces [7-14]. 
Knowing the correct value of the adsorption energy is important since it describes the strength of the 
interaction of the adsorbate with the 2D material, as well as the extent to which its properties are 
altered.  

In this project we developed temperature-programmed terahertz (THz) emission microscopy 
(TPTEM) to probe local O2 adsorption and desorption dynamics in graphene and tungsten disulfide 
(WS2). We used the THz emission from the surface of InP coated with monolayer graphene to observe 
the relative concentration of O2 adsorbates [15, 16]. In this non-contact and non-destructive method, 
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femtosecond infrared (IR) laser pulses are used to generate THz waves from a spot on the substrate 
surface. Absorption of both the incident IR and the generated THz radiation by graphene (and other 
2D materials) is very small compared to the effects of adsorption of O2 molecules on the 2D materials 
to the THz emission, which allows us to use THz emission as a probe in studying O2 adsorption. 

On the other hand, it is necessary to develop novel methods capable of quantitatively measuring the 
influence of oxygen desorption on the electronic state of 2D materials. THz – time domain 
spectroscopy (TDS) is an excellent tool to non-destructively and sensitively elucidate electronic 
properties of materials. It is particularly efficient for the characterization of materials with thickness 
eventually comparable or more than the operating THz wavelength (1THz = 300 µm). However, when 
the samples thickness is less, even far less than the wavelength, the conventional approach, where the 
incident beam is normal to the sample surface, is less valuable. The change in absorption of THz 
radiation travelling through a nanometer thick and less absorptive samples is very small. In this case, 
the conventional THz–TDS technique is mainly limited by the signal to noise ratio (SNR) of the 
experimental setup. If the change imposed by the sample is below the SNR achievable in experiment, 
the conventional technique is no longer reliable. 

In order to overcome such problems, we have developed a novel measurement method based on 
THz-TDS with parallel-plate waveguide (PPWG) which is suitable for ultrathin conductive films [17]. 
We utilize the PPWG in which the ultrathin conductive layer is situated half-way between the two 
metal waveguide plates. We maintain the advantage of long interaction length between the thin film 
and the propagating THz wave and we compare the response for both transverse-magnetic (TM) and 
transverse-electric (TE) excitation of the waveguide. We develop a new formalism for extracting 
quantitative dielectric parameters of the thin film from our experimental measurements. We 
successfully characterized low carrier density graphene after the annealing process that desorbs O2 
molecules on graphene and reduces carrier density [18]. The interaction of the TE mode to the 
graphene layer was optimal, leading to a substantial (~30%) change in transmission even for a sheet 
carrier density as low as 2 × 1011 cm-2. On the other hand, conventional normal-incidence transmission 
THz-TDS failed to detect any signal for this carrier density.  

 
 

 
2. Probe local O2 adsorption and desorption dynamics in graphene and tungsten disulfide with 
temperature-programmed THz emission microscopy (TPTEM) 
 
2.1 Sample Preparation 

Monolayer graphene samples were prepared on polished copper foils using the chemical vapor 
deposition (CVD) method with methane as a precursor. Thin poly(methyl methacrylate) (PMMA) film 
was deposited on top of graphene to act as supporting layer during the wet transfer method. Diluted 
ammonium persulfate solution was used to dissolve the copper foil and then washed several times in 
deionized water. The floating PMMA/graphene film was carefully transferred onto InP (100) substrate 
to produce the CVD graphene/InP sample and air-dried before removing the PMMA film using 
acetone. Multilayer flakes of graphene and WS2 prepared using the liquid phase exfoliation (LPE) 
technique were also used in the experiments. The starting bulk materials were first annealed before 
dispersing in isopropyl alcohol in appropriate concentrations. Exfoliation was facilitated by applying 
ultrasound using a horn-tip sonicator, followed by centrifugation and decantation of the supernatant to 
produce the final nanosheets dispersions. 2D materials produced this way are typically few-layered 
nanosheets with varying laterial dimensions. The dispersions were then drop-casted onto mildly 
heated semi-insulating InP (100) substrate to make the LPE graphene/InP and LPE WS2/InP samples. 
 
2.2 Temperature-Programmed THz Emission Microscopy 

The two-dimensional (2D) materials prepared by CVD (monolayer graphene) and LPE (graphene 
and WS2 nanosheets) were deposited in various semiconductor substrates in preparation for THz 
emission experiments. The schematic diagram of the over-all set-up of the Temperature-Programmed 
THz Emission Microscopy (TPTEM) experiment is shown in Fig. 1. To generate THz radiation, the 
samples were optically excited using near-infrared pulses from a Ti:sapphire laser (MaiTai, Spectra 
Physics) with a duration ~100 fs and photon energy of 1.55 eV (λ= 800 nm). The diameter of the 
beam was adjusted by changing the relative distance between the sample and the focusing lens nearest 
to it. In determining the adsorption energy, the excitation beam power used was 30 mW and the beam 
diameter was ~1.35 mm, while in the imaging measurements, the power was 20 mW and the diameter 
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was ~0.2 mm. In all the 
experiments, the laser fluence 
was maintained at a few orders 
of magnitude lower than the 
damage threshold reported for 
graphene. At this range of laser 
fluence, THz radiation is 
generated mainly by ultrafast 
surface surge-currents in the 
semi-insulating InP substrates. 
The THz radiation emitted after 
optical excitation was then 
focused onto dipole-shaped 
low-temperature-grown GaAs 
photoconductive switch using a 
pair of off-axis parabolic 
mirrors. The output current 
from the switch was fed into a 
lock-in amplifier which was 
referenced to a 2.0 kHz optical 
chopper signal. During the 
measurements, the samples 
were placed in a vacuum 
chamber equipped with a PID 
temperature controller. The 
vacuum chamber containing the 
sample was also mounted on a 
computer-controlled x-y stage 
for THz imaging. 

 
 
2.3 Temperature-Programmed Thermal Desorption 

Traditionally, studying the kinetics of desorption in crystals is done using 
temperature-programmed thermal desorption (TPD). The method has also been applied in 
characterizing the energetics and surface stoichiometry for adsorbate on polycrystalline wires and 
ribbons. TPD seems to be the simplest method in obtaining a measure of the bond energy in 
adsorption (in comparison to calorimetric or isosteric heat measurements) since adsorption in clean 
metal surfaces is generally a non-activated process (which in this case, the activation energy of 
desorption is approximately equal to the differential heat of adsorption). Under favorable 
circumstances, the technique may also be used to deduce the order of reaction for desorption based on 
different desorption traces obtained at different initial coverages which provides a pointer to the 
dissociative or non-dissociative state of the adsorbate. A quantitative measure of the adsorbate present 
prior to thermal desorption can also be obtained using the technique in the case when the volume of 
the vacuum system and the pumping speed have been measured.  

Fig. 2 shows the schematic diagram of the experimental set-up for temperature-programmed 
desorption. The crystal is first thoroughly cleaned before exposure to a controlled dosage of adsorbate 
gas/molecules at a given temperature. After deposition of the adsorbate layer, the crystal is heated in a 
controlled fashion while the partial pressure due to the desorbed species (which is approximately 
equal to the rate of desorption) is being recorded using, for example, a quadrupule mass analyzer. The 
desorption trace is then analyzed using various methods that are based on the Polanyi-Wigner 
equation for the rate of desorption [19],  

 
 

(1) 

where  is the desorption rate,  is the attempt frequency,  is the instantaneous adsorbate 
concentration,  is the order of desorption,  is the desorption energy (i.e., the amount of energy 
to break the binding energy),  is the gas constant, and  is the temperature. The most common 

 
Fig. 1. Temperature-Programmed THz Emission 
Microscopy Set-up. 
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method of analyzing the desorption spectrum is by plotting  versus . If the correct 
order of desorption is chosen, the plot will produce a straight line and then the desorption energy can 
be calculated from the slope of the linear fit. 

TPD is a very good technique but it also has a few major experimental pitfalls, all of which tend to 
broaden the desorption trace and makes the lineshape analysis unreliable.43 One common hurdle is the 
temperature inhomogeneity across the adsorbent during the desorption process, which is commonly 
caused by the cooling effect due to the heavy support rods in the sample compartment. It is also 
difficult to limit the area sampled by the mass analyzer, so desorption effects occurring at the support 
rods and at the reaction vessel walls are also sometimes included, leading to erroneous additional 
peaks in the desorption spectra. The inherent large sampling area in TPD set-ups is also a big 
disadvantage in studying adsorption and desorption dynamics in 2D materials. Understanding local 
adsorption and desorption dynamics is very important because the large surface-to-volume ratio 
enhances the importance of surface interactions in 2D materials. 
 
2.4 THz emission from Graphene/InP surface 

The time-domain waveforms of the THz emission from graphene/InP changes with the removal of 
O2 adsorbates from the graphene surface as shown in Fig. . Initially, when adsorbates are present on 
the graphene surface, the transient current excited by femtosecond IR pulses flows towards the surface 
of InP, generating a THz waveform with two peaks of opposite polarities – a dip at ~2 ps and a peak at 
~2.5 ps. Significant O2 desorption occurs upon vacuum pumping, and the change in the THz 
waveforms reflects the influence of the decrease in adsorbate concentration on the photoexcited 
current in InP. Both features in the THz waveform gradually vanish, followed by the appearance of a 
positive peak at ~2 ps. Irradiation with femtosecond IR pulses also promotes desorption of O2, with 
the rate of desorption dependent on the laser fluence.29 With further removal of adsorbates by 
annealing, the photoexcited current flows towards the bulk, and the THz emission from graphene/InP 
becomes similar to that of the bare InP substrate. O2 adsorption by exposure to air reverts the THz 
waveform back to the initially observed waveform, and this adsorption is dramatically enhanced under 
UV light illumination. The change in the THz emission from graphene/InP (due to O2 
adsorption/desorption) shown in Fig.  can be semi-quantitatively modeled using the relation 

, where  and  are the initial (black) and the final (green) waveforms in 
Fig. , respectively, and  ( ) is their relative weight which is proportional to the 
concentration of adsorbed O2 on graphene [15].  
 
 

 
Fig. 2. Schematic diagram of experiment for temperature-programmed desorption. 
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Fig. 3. THz emission waveforms from Graphene/InP measured by TPTEM.  
 
 
2.5 Estimation of Adsorption Energy using TPTEM 

We then used TPTEM to measure the adsorption energy of O2 in graphene and WS2. The 
experiment was designed to be similar to TDS/TPD, wherein the sample of interest is pre-exposed to a 
gas adsorbate and then heated in a controlled fashion while monitoring the partial pressures of the 
evolved molecular species by using, for example, a mass spectrometer. The main difference of 
TPTEM from TDS/TPD is that it can be used to monitor the relative concentration of the remaining 
adsorbates within the spot on the sample illuminated by the femtosecond laser. This means that it is 
possible to probe not only desorption dynamics but also adsorption dynamics in 2D materials within 
the excitation spot. 

The temperature dependence of THz radiation from CVD graphene/InP before and after annealing 
at 445 K for 1 hour are shown in Fig. a and Fig. b, respectively (similar measurements were done for 
LPE graphene/InP and LPE WS2/InP samples). By increasing the temperature of the samples, two 
effects take place: one is the removal of adsorbates from sample surface by thermal desorption, the 
other is the enhancement of the surface field in the substrate at higher temperatures.44 Both effects 
lead to a relative enhancement (more positive) in the THz emission from substrate, and the first as 
shown here and in our previous results [15] while the latter has been observed for semi-insulating 
GaAs. This explains the difference in the temperature dependence of THz emission from unannealed 
and annealed samples. In unannealed samples, THz emission increases due to both effects, while in 
the annealed samples the increase in THz emission is due only to the enhancement of the surface field. 

The amount of O2 adsorbates on the surface decreases with increasing temperature, and we can 
separate its effect on the measured THz waveforms by simply subtracting the THz emission of 
annealed samples from the unannealed samples, or . The samples were 
annealed at 445 K for 1 hour in vacuum to make sure that the  waveforms represent 
emission from samples without adsorbates. Annealing at this temperature under vacuum conditions 
should completely remove physically adsorbed O2 molecules from the surface of monolayer graphene 
based on optical conductivity measurements. Fig. c shows the resulting waveforms for CVD 
graphene/InP (similar waveforms have also been obtained for LPE graphene/InP and LPE WS2/InP 
samples), while in  

Fig. a we plot the change in peak values for all samples, showing decrease in absolute value with 
increasing temperature. The adsorbates were completely removed for CVD graphene around 413 K. 
However, for LPE graphene, longer annealing at 445 K was needed for further desorption, implying 
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that there are more strongly bonded adsorbates in LPE graphene. For LPE WS2, the absolute peak 
value reaching zero at 413 K could mean either (a) complete O2 desorption at this temperature, or (b) 
no further desorption happened during the annealing from 413 K to 445 K. Considering the relatively 
larger adsorption energy in WS2 and the high possibility of the existence of chemisorbed species,22,21 
the latter is more likely the case. 

 
 
 

 
Fig. 4. THz emission from CVD Graphene/InP at different temperatures in vacuum 

(1×10-2 Pa). (a) pre-exposed in air, and (b) after annealing at 445 K for 1 hour in vacuum. 
(c)  at different temperatures for CVD graphene/InP. 
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Fig. 5. Determination of the desorption energy. (a) Peak versus temperature of waveforms 
( ) for all samples. (b) Concentration  of O2 adsorbates on 
surface of samples as a function of temperature. (c)  versus  with linear fit for 
calculating desorption energy. 
 

THz emission from InP primarily occurs through the surge current effect. In the far-field 
approximation, the amplitude of this radiation is proportional to the time derivative of the surge 
current, given by,  

.           (2) 
The surge current, , is due to the transient photocarriers generated by IR excitation. One of the 

simplest approximations of this surge current (density) is given by the expression,  
,     (3) 

where  is the electron/hole charge,  is the electron/hole mobility,  is the carrier 
density, and  is the driving electric field, which in this case is the built-in surface field in InP. 
The parameters , , and  determine the observed THz field through eq. (2). 

Our experimental configuration as well as the observed results lead us to believe that during the O2 
adsorption/desorption process, the change in the THz radiation from graphene/InP is mainly due to the 
change in , which in turn is caused by the electric field on the surface of InP due to the dipoles 
induced by the O2 adsorbates in graphene ( ). Simulations show that charge transfer occurs 
between the O2 molecules and carbon atoms in graphene [10], and similarly for other 2D materials 
[13], supporting the possibility of the existence of these electric dipoles. If we denote the modified 
driving field due to the presence of adsorbates as , then the change in the THz 
emission from graphene/InP due to O2 adsorbates can be obtained using eq. (2) and eq. (3) as, 

,    (4) 
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where the subscripts 2 and 1 represent the state with (unannealed) and without (annealed at 445 K) 
adsorbed O2, respectively.  is directly proportional to the amount of charge comprising the 
dipole, which means that the peak of the waveforms plotted in  

Fig. a is directly proportional to the concentration of the O2 adsorbates on the surface. 
The adsorbate concentration is plotted as a function of temperature in  
Fig. b for all samples. From these data, we can then determine the activation energy of desorption 

(amount of energy needed to remove the adsorbate from the surface) through the Polanyi-Wigner 
equation (PWE) 

,    (1) 

where  is the desorption rate,  is the attempt frequency,  is the instantaneous 
adsorbate concentration,  is the order of desorption,  is the activation energy of desorption,  
is the gas constant, and  is the temperature. Solving eq. (1) for  and taking the natural 
logarithm of both sides, we obtain 

,   (5) 

which is a linear relationship between of  and versus  with a slope of  .  
Plots of  versus  (with x = 1) with a linear fit for each sample are shown in  
Fig. c. We assumed a first-order (x = 1) or non-dissociative desorption in our data analyses since a 

large energy barrier would have to be overcome for O2 molecules to dissociate into O atoms once 
adsorbed in graphene and MoS2 (a similar material to WS2) [10]. In this case, the activation energy of 
desorption obtained is approximately equal to the adsorption energy. We then calculated  from 
the slope of the linear fits in  

Fig. c, and these values are tabulated in Table 1, together with values found in the literature for 
comparison (values were converted to eV for easier comparison). The adsorption energies obtained 
using TPTEM are similar to reported theoretical values of the adsorption energy for physisorbed O2 
molecules on WS2 and on graphene and HOPG. The chemistry and morphology of the supporting 
substrate significantly influence molecular interaction in graphene and possibly in other 2D materials 
as well. This influence becomes weaker with increasing number of layers. In our work, similar 
adsorption energy values were obtained for CVD monolayer graphene and LPE graphene multilayer 
(typically 3-4 layers) nanosheets. This leads us to believe that these values are good approximation of 
the actual adsorption energy of oxygen molecules on pristine graphene. 
 
 
Table 1. Measured adsorption energy for physisorbed O2 on graphene and tungsten disulfide 
using temperature-programmed THz emission microscope. 

Sample 
Adsorption energy (eV) 
This experiment (TPTEM) Calculations 

Graphene 0.16*, 0.15** 0.13a, 0.15b, 0.04c, 0.1d, 
0.01e 

Tungsten disulfide 0.25** 0.213f 
*Chemical vapor deposition-grown sample. 
**Liquid phase exfoliated sample. 
aO2 molecule physisorbed on undoped graphene, obtained by first-principles calculations [10].  
bO2 molecule physisorbed on pristine graphene, obtained by first-principles calculations [11].  
cO2 molecule physisorbed on single layer graphite, obtained by density-functional calculations [8].  
d, eO2 molecule physisorbed on graphene, obtained by spin-unrestricted density-functional calculations 
[9].  
fO2 molecule physisorbed on WS2 monolayer (on the most favorable site of adsorption), obtained by 
first-principles calculations [13].  
 

Only the physisorbed O2 molecules were removed in the temperature range considered in 
measuring . However, it is clear that for LPE graphene a significant number of adsorbates remain 
at T > 400 K, which represent the O2 molecules (or O atoms) attached to graphene at higher 
adsorption energies. The inherent defect sites in LPE graphene could lead to spontaneous 
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chemisorption of oxygen, and increasing the temperature range in this experiment should allow us to 
probe the desorption dynamics of these chemisorbed species. 
2.6 Spatial Distribution of O2 Molecules in Monolayer Graphene 

The adsorption energies presented in Table 1 are basically averaged over the probed surface area, 
which is roughly the area illuminated by the femtosecond excitation pulses (with a diameter of 
approximately 1.35 mm). This area is still quite large in the context of 2D materials. To better 
understand the O2 adsorption/desorption dynamics at different sites in the sample surface, we adjusted 

 
Fig. 6. THz amplitude mapping during the O2 adsorption process. (a) THz amplitude 
mapping for CVD graphene/InP after annealing at 445 K in vacuum. THz mapping of the 
same area in sample after exposure to air for a few minutes (b) without and (c) with UV 
illumination. The difference in THz mapping images before and after exposure to air gives a 
visualization of adsorbed O2 molecules in the graphene surface. (d) Spatial map of adsorbed 
O2 molecules in graphene after exposure to air without UV illumination which reveals 
regions with different “natural” affinities to O2 molecules. Regions 1 and 2 (5) show the least 
(highest) amount of adsorbates after exposure to air, whereas regions 3 and 4 are areas with 
a fair amount of adsorbates. (e) Spatial map of adsorbed O2 molecules after exposure to air 
under UV illumination, showing significantly higher concentration of O2 adsorbates in the 
UV exposed part. In the THz amplitude maps (a-c), the blue (red) end of the scale signifies 
less (more) O2 molecules on the graphene surface, while in the ΔTHz amplitude maps (d and 
e), the blue (red) end of the scale signifies less (more) O2 molecules adsorbed/added on 
graphene during exposure to air. 
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the excitation spot size to ~0.2 mm and used the imaging capability of TPTEM to study the spatial 
distribution of adsorbed O2 molecules in CVD graphene at various controlled conditions. This can be 
done by placing the sample chamber on a computer-controlled stage.  

The non-uniformity of the surface and its influence on adsorption/desorption dynamics can be 
clearly seen by taking THz emission images under controlled conditions. First, we removed the 
adsorbates in the sample by annealing it at 445 K in vacuum for at least 5 minutes, and then we 
monitored the spatial distribution of the relative amount of adsorbed O2 molecules after exposure to 
air for a few minutes (the change in the emitted THz waveforms were similar as shown in Fig. 3). 
Figure 6a shows the THz amplitude map taken after removal of adsorbates from the sample surface. 
We then mapped the change in the THz amplitude of the same area after exposing the sample in air 
for a few minutes without (Fig. 6b) and with (Fig. 6c) UV illumination, which has been shown to 
enhance the adsorption of O2 in graphene. The difference between the THz images before (vacuum 
condition) and after air exposure is taken as the measure of the adsorbed O2 molecules. Figure 6d is 
the spatial distribution of O2 adsorbates after exposure to air, which shows the “natural” affinity to O2 
molecules, i.e., O2 adsorption process without external influence like UV light, of different regions in 
the sample surface. Regions 1 and 2 (5) in Fig. 6d show the least (highest) amount of adsorbates after 
exposure to air, whereas regions 3 and 4 are areas with a fair amount of adsorbates. Illumination with 
UV during exposure to air promotes more O2 adsorption, and this dramatic effect can be seen in Fig. 
6e, where UV light was selectively focused on the graphene surface during exposure to air. The image 
clearly shows a higher concentration of adsorbates in the area exposed to UV. 

The results presented here reveal the possibility of using our technique in performing quantitative 
and imaging studies in the O2 adsorption and desorption in 2D materials in a non-destructive way. 
Since the primary requirement for this technique to work is that the gas adsorbates should induce local 
electric dipoles that will change the THz emission from InP, TPTEM is expected to be useful for 
studying the adsorption and desorption dynamics of other types of gas molecules in any 2D material, 
such as NH3, as long as charge transfer occurs between the adsorbate and the 2D material in question. 
All these results promise the possibility of doing local spatiotemporal studies on the molecular 
adsorption and desorption on a variety of 2D materials. It is also possible to combine TPTEM with 
other techniques such as Raman microscopy to study the dependence of gas adsorption on the 
structural properties of the 2D material, and photoluminescence microscopy to determine the effect of 
gas adsorption to its optical properties. 
 
 
3. Evaluation of low carrier density graphene with parallel plate waveguide THz time domain 
spectroscopy (PPWG-THz-TDS) 
 
3.1 Experimental setup 

Figure 7 shows schematic of THz-PPWG-TDS. The PPWG is made of two blocks of aluminum 
with same dimensions. The width, length and thickness of the waveguide are 30 mm, 10 mm and 15 
mm respectively. The inside face of waveguide is hand polished with 320 grit sandpapers. Then, the 
aluminum surfaces are coated with tens nanometer of titanium and subsequently coated with gold of 

Figure 7 Schematic of the main part of THz-PPWG-TDS. The description is in the main text. 
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Figure 8 Raman Spectra of graphene sample and the Fermi energy associated. Each Raman 
spectrum is measured in one spot of the substrate side with graphene. The frequency positions 
of G-mode peaks are also shown. The difference in intensities is due to the difference of the 
laser pump power used in Raman spectroscopy. The unit of the frequency shift of the figures is 
cm-1. (a). Raman spectra of sample A before annealing. (b). Raman spectra of sample A after 
annealing. 

about 200 nm thickness. The coating plays two roles: to avoid roughness and to increase the 
conductivity of plates.  

In this work, substrates are used to simultaneously fill the space between the plates of PPWG and to 
support the thin conductive films. Then, the thickness of the substrates determines the plate separation. 
Actually, two substrates of 0.5 mm thickness, 30 mm width and 10 mm length are employed. The 
ultrathin conductive films are always deposited onto half width (15 mm) of one of the substrate 
surface. This substrate with half side coated by the samples is first set on the top of the bottom 
waveguide. Another bare substrate is next placed on top of the half coated substrate. Finally, we put 
the top plates of the waveguide. A small sample holder is fabricated to align substrates to the 
waveguide plates. The whole waveguide system is mounted on mechanical stage and placed at the 
center of the second parabolic and third parabolic mirror. The mechanical stage can be automatically 
handled outside the THz-PPWG-TDS system. 
Since half of the waveguide contains conductive film located between the plate and half-filled solely 
with substrate, we can set the reference signal and the sample signal. The reference signals are the 
THz pulses transmitted through PPWG with substrate. The sample signals are the THz pulses 
transmitted through PPWG with thin films on substrate. The setting we have just described above 
greatly facilitates the recording of the reference and the sample signals. We first record a number of 
THz pulses from the reference side. After that, the waveguide is moved perpendicularly with respect 
to the beam propagation direction. Then, a number of THz pulses are recorded from the sample side. 
A mode-locked femtosecond laser Mai tai (Spectra Physics, Ti: sapphire laser) delivers a near 

infrared optical pulses at a wavelength of 800 nm and a repetition rate of 80MHz. The pulse width of 
the laser is less than 80 fs with a maximum power of 2W. The laser with a power about 90mW is 
focused on the surface of holes doped (p-type) indium arsenide (InAs) wafer to generate THz wafes. It 
is well known that in this situation, the main relevant mechanism for THz generation in narrow-band 
gap semiconductors is the photo-Dember effect. The detection of THz radiation is realized by 
low-temperature grown gallium arsenide (LT-GaAs) photoconductive antenna (PCA).  
The emitted THz is collimated, polarized and focused onto the input face of the PPWG. After 

traveling through the waveguide, this output THz beam is collimated, polarized and focused to the 
detector. The detected current is amplified and sent to a lock-in amplifier which is phase locked to the 
chopper frequency for the synchronous detection. The electronic detection system and the delay stage 
controller is synchronized by a LabVIEW computer program. The mechanical stage for waveguide is 
manually controlled. The THz-PPWG-TDS system is encased inside an acrylic box and purged with 
nitrogen to minimize the noise due to the water vapor absorption. 
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The samples used in this study were provided by Ajayan’s group of Rice University. Two graphene 
samples (Samples A and B) are grown using chemical vapor deposition (CVD). A copper foil was 
placed in the deposition chamber and annealed at a temperature of 1000°C in a hydrogen/argon gas at 
a pressure of 1 Torr for 20 min. Methane was introduced into the chamber with a flow rate of 4 
standard cubic centimeters per minute (sccm) for 10 min. The sample was cooled for 20 min in a 
hydrogen/argon gas. The grown graphene layer was then transferred onto two MgO (100) substrates, 
which were transparent in the THz frequency range. The dimensions of the MgO substrate were also 
30 mm (width) × 10 mm (length) × 0.5 mm (thickness). Half of the substrate was covered by CVD 
graphene. 

Raman spectroscopy characterization, as shown in Fig.8, provides an insight of graphene properties 
in versatile way and nondestructive fashion. Raman measurements allow, amongst other, ascertaining 
the quality of the samples (quality of growth and transfer in our case). Here, we only focus on the 
basic operation and measurements in Raman spectroscopy. In brief, the so-called G–mode spectrum 
and 2D-mode spectrum are used to characterize graphene (single or multi layers) in Raman 
spectroscopy. G–mode is 2D–mode originate from in-plane vibrational mode of graphene. The peak 
intensity ratio I2D/IG indicates the layer number of graphene. A single layer graphene yields at least a 
ratio more than 1.5. Here, Raman spectroscopy Xplora One was used to probe the sample at different 
spots. The intensity ratio of the G mode to the 2D mode in Raman spectra in Fig.8 confirms that 
monolayer graphene was grown. 
 
3.2 Comparison between conventional THz-TDS and THz – PPWG – TDS:   
The measurements procedures in THz-PPWG-TDS has been already described previously. Here we 

use the second experimental setup which has a different parabolic mirror focal length. 
Characterization measurements of each graphene sample were performed in two steps. First, we 
characterize the samples using PPWG and conventional THz-TDS systems. Then, we annealed the 
sample at 445 K under a pressure of ~10-7 Torr in a cryostat for one hour followed by cooling for 
about four hours in the vacuum chamber, after which we immediately measured the sample again with 
both systems. The purpose of sample annealing is to obtain a pristine graphene which is free of 
impurities.  

 Before embarking in detailed discussion, we first compare spectra taken by conventional 
transmission THz- TDS with those taken in TE mode of THz-PPWG-TDS in Fig. 9. The sample 
characterized in this Fig. is the graphene after annealing (almost pure graphene). The comparison of 
both spectrum already indicates that it is challenging to measure the optical properties of pristine 
graphene in conventional method. The spectrum of the reference MgO and graphene/MgO almost 
overlap over the entire range of frequency. In contrast, an obvious amplitude difference occurs in TE 
mode of PPWG spectrum. 

Figure 9 Comparison of spectra measured using (a) conventional THz- TDS and (b) by 
THz-PPWG-TDS in TE mode. 
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To further confirm the advantage of 
PPWG, Fig. 10 shows the 
transmittance spectra for Sample A 
taken by means of both methods. In 
the case of conventional THz-TDS, the 
spectra are nearly flat over the entire 
frequency range (0.1 THz-1.8 THz) 
for the sample before and after 
annealing, with transmittance ~95% 
and ~98%, respectively. It should be 
noted that each transmission data 
collected using conventional 
THz-TDS was averaged over 20 
spectra. In the case of 
-THz-PPWG-TDS, the transmittance 
clearly shows some frequency 
dependence. The transmittance value 
is ~60% (~70%) before (after) 
annealing in the low-frequency region 
while it increases to ~95% at the 
high-frequency end of the spectra. 
The spectrum of TE–mode of PPWG 
(Fig. 10) suggests from the absence of 
interferences that single-mode 
propagation is realized. Then, in the 
frequency (f) domain, the 
complex-valued transmission 
coefficient is simplified to: 

 
where EMgO/Gr/MgO is the complex frequency-dependent electric field detected through the waveguide 
with graphene, EMgO/MgO is the electric field detected through the waveguide without graphene, ∆ϕ is 
the experimental phase difference between the reference and the sample pulses, 𝛾𝛾 ≡ ∆𝛽𝛽 – 𝑗𝑗∆𝛼𝛼, 𝛽𝛽 is the 
propagation constant of the PPWG mode under consideration (TE or TM mode), and 𝛼𝛼 is the 
propagation loss. The length of the waveguide, 𝐿𝐿, is 10 mm. In Eq. (6), the coupling coefficient and 
the impedance matching are assumed to be the same for the reference and sample signal. Note that Eq. 
(6) works only for single-mode propagation, either in the TE mode or TM mode. 
 
3.3 Conductivity results 

Figure 11 shows the real and imaginary parts of the sheet conductivity for Sample A and B before 
and after annealing, together with fitting curves using the Drude formula. The conductivity is 
expressed in units of 𝜎𝜎0, where 𝜎𝜎0 = πe2/2h ≈ 6.1 × 10-5 S is the universal interband conductivity of 
graphene. From the relation between EF and the carrier concentration N, we found that N = 1.07 × 1012 
cm-2 for Sample A and N = 1.01 × 1012 cm-2 for Sample B before annealing. The scattering rate 
obtained were Γ = 3.39 1012 s-1 for Sample A and Γ = 4.2 1012 s-1 for Sample B. These values are 
comparable with the values reported for CVD-grown graphene on different substrates [20, 21]. 

Table 2 shows the fitting parameters of the Drude model extracted from the experimental data for 
both Sample A and Sample B: the DC conductivity(S), scattering rate, Γ (s-1), carrier density, 𝑁𝑁 (cm-2), 
Fermi Energy, 𝐸𝐸F (meV) and the mobility (cm-2V-1s-1). It has been experimentally observed that 
adsorption of water and oxygen molecules dramatically changes the electromagnetic properties of 
graphene. In fact, transport measurements in previous works revealed that charge transfer occurs 
between adsorbed molecules and graphene [22]. Vacuum annealing described in the experimental 
section removes these adsorbed molecules and additionally reduces PMMA residues and other 
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Figure 10 Comparison of frequency dependent 
transmission data taken with normal-incidence 
transmission THz-TDS and THz- PPWG-TDS in TE 
mode. (Sample A before and after annealing). The 
upper quasi-flat curves are averaged transmittance 
data taken with THz-TDS. The blue solid curve is for 
non-annealed graphene on MgO and the purple 
dashed curve is for annealed graphene on MgO. The 
same sample is analyzed with TE waveguide mode, 
leading to a frequency-dependent transmittance 
represented by blue solid circles for Sample A before 
annealing and by purple solid circles for after 
annealing. 
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impurities. It can indeed be seen in Table 2 that the annealing process reduces the carrier density (N = 
2.3 × 1011 cm-2 for Sample A and N = 2.2 × 1011 cm-2 for Sample B). These small numbers of densities 
were determined by the THz-PPWG-TDS method while normal THz-TDS could not detect any THz 
absorption after annealing, as also shown Table 1 for Sample A. 
. 
 
Table 2 The fitting parameters of the Drude model extracted from the experimental data for 
both Sample A and Sample B: the DC conductivity(S), scattering rate, Γ (s-1), carrier density, 𝑁𝑁 
(cm-2), Fermi Energy, 𝐸𝐸F (meV) and the mobility (cm-2V-1s-1). 

  Sample A  Sample B 
  Before annealing After annealing  Before annealing After annealing 
  PPWG THz-TD

S PPWG  PPWG PPWG 

𝜎𝜎0 (mS) 78 86.5 36.7  71 36.2 
Γ(1012 s-1) 3.39 5.84 2.6  4.2 4.08 
N (1012 cm-2) 1.07 1.94 0.23  1.01 0.22 
EF (meV) 133 179 62.1  129 61 
µ(cm-2V-1s-1) 3750 1972 8105  4393 10200 
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