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a b s t r a c t
Postproduction treatment of poly (3-alkylthiophene) based bulk-heterojunction solar cells
is an important and required procedure in order to fabricate organic solar cells with highest
power conversion efﬁciencies. Postproduction treatment, by means of annealing solar cells
at elevated temperatures during which an external voltage is simultaneously applied, is not
very suitable for large scale production schemes due to the need for well controlled environment and involvement of ﬂexible substrates. A faster and easier method for improving
the efﬁciency, like a simple addition of chemicals, would be highly desirable. We have
studied the effect of alkyl thiol addition into bulk-heterojunction solar cells, based on
poly(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) mixtures
as reported ﬁrst by Santa Barbara group [J. Peet, C. Soci, R.C. Cofﬁn, T.Q. Nguyen, A. Mikhailovsky, D. Moses, G. C. Bazan, Appl. Phys. Lett. 89 (2006) 252105, J. Peet, J.Y. Kim, N.E.
Coates, W.L. Ma, D. Moses, A.J. Heeger, G.C. Bazan, Nat. Mater. 6 (2007) 497], which gives
the same ﬁnal results in even higher performance of organic solar cells through increased
power conversion efﬁciency and thus substitutes the postproduction treatment. Red-shift
in optical absorption is seen in the ﬁlms with alkyl thiol, resembling the absorption of thermally annealed ﬁlms. Based on steady-state current–voltage characteristics and transient
charge carrier extraction by linearly increasing voltage (CELIV) measurements, the conductivity of thermally annealed and ﬁlms with alkyl thiol is found to be an order of magnitude
higher than in ﬁlms spun from pristine blends of P3HT and PCBM. Charge carrier mobility
measurements indicate signiﬁcant increase in carrier mobility, consistent with the
improved structural order and formation of interpenetrating network between the donor
and acceptor in the bulk-heterojunction solar cells.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Organic photovoltaic devices offer great technological
potential as a renewable source of electrical energy [3–8].
The chemical tailoring of desired physical and mechanical
properties of organic materials offer advantage over the
traditional inorganic semiconductor photovoltaic devices.
In the best performing solid state organic solar cells reported to date [9,10], a conjugated polymer is blended with
an electron accepting material, to form the bulk-hetero* Corresponding author.
E-mail address: almantas.pivrikas@jku.at (A. Pivrikas).
1566-1199/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.orgel.2008.05.021

junction structure for efﬁcient exciton dissociation [5].
Academic attention has focused on blends of regioregular
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM), since these two materials
show the highest power conversion efﬁciency in their
bulk-heterojunction of around 5% [9,10]. Various studies
show that the device performance is strongly related to
the nanomorphology of blends, where van der Waals crystal packing of the molecules as well as the formation of
nanoscale domains of the two phases is strongly dependent on the processing conditions, solvents used and ﬁnally on postproduction treatment [11–14]. A special property
of P3HT is its ability to self-organize forming lamellae
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(1) By choosing the appropriate solvent with required
boiling point for either slow or high evaporation rate
[11,18,19].
(2) By reducing the drying speed of spin-coated ﬁlms
[20–22].
(3) By melting of bilayers [23].
(4) By thermal annealing of produced ﬁlms with or
without applied external voltage [12,13,24].
(5) By using chemical additives [2,25,26].
The observed correlation between domain formation
and photovoltaic device performance indicates that a certain degree of phase separation of the two organic components (polymer and PCBM) is beneﬁcial and increases the
power conversion efﬁciency of organic solar cells. However, the alternative and simpler method of controlling
the morphology of the blends is possible by adding a third
material to the blend of polymer and PCBM. It has been already shown before, that the photoconductivity response
is strongly increased in polymer/fullerene composites by
adding a small amount of the alkyl thiol to the solution
prior to the ﬁlm deposition [1]. Also strongly improved
photovoltaic performance and efﬁciency enhancement
through improved morphology and interpenetrating network was observed in organic solar cells fabricated from
the low band gap polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0 ]-dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) and PCBM blends [2].
In order to further to optimize the performance of organic solar cells fabricated from polymer/fullerene mixtures with alkyl thiols it is necessary to understand the
inﬂuence of the additive to the molecular rearrangement
as well as to the optical and electrical properties of the
blends. We have chosen to use P3HT and PCBM for solar
cells fabrication because these are well known and widely
studied materials for efﬁcient organic photovoltaic devices.
In this paper, we use comparative optical and electrical
techniques to probe the properties of organic solar cells
fabricated from regioregular P3HT and PCBM bulk-heterojunction by adding alkyl thiols. We have studied four different solar cells: (1) as produced ﬁlms of P3HT and
PCBM (untreated, no alkyl thiol), (2) thermally annealed
ﬁlms (treated, no alkyl thiol), (3) as produced ﬁlms with alkyl thiol (untreated, with alkyl thiol) and (4) thermally annealed ﬁlms with alkyl thiol (treated, with alkyl thiol).
Incident photon to current conversion efﬁciency (IPCE)
is measured for all ﬁlms together with the photovoltaic response. The morphology was studied using AFM, whereas
current–voltage (I–V) characteristics were measured together with the charge extraction using linear increase of
voltage (CELIV) and photo-CELIV technique to determine
the electrical properties of these four different types of

bulk-heterojunction solar cells. The results clearly show
that alkyl thiol addition can substitute the post production
treatment for increasing the efﬁciency.

2. Results and discussion
In Fig. 1 the optical absorption coefﬁcient as a function
of wavelength is shown for all four different solar cells. The
increase in optical absorption upon post production treatment by annealing and simultaneous applying a constant
current during treatment as has been already shown before [27–29]. The red-shift of the absorption is clearly seen
for treated cells as well as for cells with alkyl thiol additive.
The difference in absorption in treated and untreated solar
cells, with alkyl thiol additive, is negligible indicating the
ﬁnal optimum structure can be achieved by the additive
alone. Characteristic vibronic peaks, which are barely visible in untreated ﬁlms, are clearly pronounced in treated
cells and cells with alkyl thiol (at around 517 nm,
556 nm and 603 nm). The increased optical absorption allows harvesting more energy for treated cells and cells
with alkyl thiol, therefore, apart from improved transport
and recombination properties, these cells are expected to
have better photovoltaic performance.
Current–voltage (I–V) characteristics for all cells under
illumination with a solar simulator are shown in Fig. 2.
To allow a comparison, the fabrication procedures were
kept the same for all four types of cells. Untreated solar
cells have the worst performance with the lowest short circuit current (5.2 mA/cm2) and low ﬁll factor. However,
these cells demonstrate a relatively higher open circuit
voltage (0.64 V), but, due to a low short circuit current
and a low ﬁll factor, their power conversion efﬁciency is
only around 0.9%. Open circuit voltage has been observed
to increase using the post production treatment in earlier
reports [24]. This was not observed in our studies. Our
as-produced untreated solar cells show slightly higher efﬁciency (0.9%) as compared to the earlier reported cells
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structures from ordered polymer chains [10,15,16]. P3HT
ﬁbers, obtained from highly concentrated solution, are reported to increase the photovoltaic performance of polymer/fullerene solar cells [17]. In general it is possible to
control the formation of a phase separated morphology
with crystalline P3HT and PCBM domains inside the active
layer of bulk-heterojunction solar cells can be achieved by
following ways:
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Fig. 1. Optical absorption coefﬁcient of 4 different RR-P3HT/PCBM bulkheterojunction solar cells: as produced (thin line), annealed (thick dashed
line), thiol added (thick line), thiol added and annealed ﬁlm (thick dash
dot line).
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Fig. 2. Current–voltage (I–V) curves in the fourth quadrant of 4 different
RR-P3HT/PCBM bulk-heterojunction solar cells under illumination with
solar simulator (1000 W/m2, 1.5 AM): as produced (thin line), annealed
(thick dashed line), thiol added (thick line), thiol added and annealed ﬁlm
(thick dash dot line).

making this difference plausible. The difference in photocurrents between treated cell and cells with alkyl thiol is
rather small, except that treated cells have lower ﬁll factors and therefore slightly lower efﬁciency (2%) as compared to cells with alkyl thiol additive (2.4–2.5%).
Signiﬁcant improvement of power conversion efﬁciency
in treated cell and cells with alkyl thiol might arise from
two effects:
(1) the increased absorption,
(2) the improved charge carrier transport and/or
reduced losses, when charge carrier lifetime must
be longer than the slower carrier transit time.
We have measured the incident photon to collected
electron efﬁciency (IPCE) in all four types of cells and the
results are shown in Fig. 3. Earlier studies have already
shown the IPCE depends on post production treatment
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Fig. 3. Incident photon to current efﬁciency of 4 different RR-P3HT/PCBM
bulk-heterojunction solar cells: as produced (thin line), annealed (thick
dashed line), thiol added (thick line), thiol added and annealed ﬁlm (thick
dash dot line).
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and can be up to 70–80% [24,27–30]. In all samples studied
here, the IPCE is increasing at short wavelengths following
the increase in optical absorption in polymer/PCBM blend,
reaches a maximum and suddenly decreases following the
edge of the absorption curve. The same characteristic
absorption peaks seen in the optical absorption spectra
(Fig. 1) are also clearly seen in the IPCE spectra. The IPCE
values for the untreated cell are much smaller compared
the rest of the cells, reaching a maximum of around 35%,
whereas cells with treatment or alkyl thiol additives reach
up to slightly below 80% IPCE. IPCE results do not allow
distinguishing between improved carrier mobility and increased charge carrier lifetime, since both parameters
would increase the IPCE. From the IPCE studies it can be
concluded that the improvement is not only due to the increased optical absorption, but probably also due to improved transport and/or reduced recombination losses
(e.g. due to longer charge carrier lifetime).
Charge transport in bulk-heterojunction solar cells usually strongly depends on the nanomorphology of the polymer/PCBM ﬁlms, where the interpenetrating network
formed between polymer and PCBM is created from polymer and PCBM rich phases [9,12,14,27–30]. Tapping mode
AFM images (2.5 lm  2.5 lm) of all studied cells are
shown in Fig. 4. In cells without alkyl thiol the coarse morphology is stronger in treated ﬁlms, with the surface
roughness staying similar (on the same 5 nm scale). Both
treated and untreated cells with alkyl thiol show much
coarser surface as compared to the cells without alkyl thiol.
Apparently, as it has already been shown before [2], polymer and PCBM rich phases is advantageous for charge
transport and photovoltaic performance for ﬁlms with alkyl thiol additive. As has been already shown before, the
fact that addition of alkyl thiols strongly inﬂuences the
structure of the interpenetrating network most likely is
the reason for the improved IPCE and power conversion
efﬁciency. The electron and hole transport to the electrodes might be improved, since pronounced polymer
and PCBM phases will create well deﬁned pathways for
the transport of the respective charges.
Dark current–voltage (I–V) curves recorded for all 4 different solar cells are shown in Fig. 5a. The dark current,
shown in the region of negative applied voltage, representing the reverse bias (positive voltage on Al, negative on
ITO), is similar for all cells. The current in forward bias is
much larger compared to the reverse bias current. The rectiﬁcation ratio for the treated cells and for cells with alkyl
thiol is more than two orders of magnitude, whereas for
untreated cells the rectiﬁcation ratio is one order of magnitude less compared to other cells.
Due to the different nanomorphology of the interpenetrating network, the dark conductivity is expected to increase in the cells with higher conversion efﬁciency,
because of improved conductivity of the ﬁlms (assuming
the injection is not limited by the contact). This effect
has been already observed in the case of postproduction
treatment [24,30]. The dark injection current (at large forward bias) is much lower in untreated cells without alkyl
thiol, suggesting that either the carrier mobility or equilibrium carrier concentration is smaller compared to treated
cells and cells with alkyl thiol:
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Fig. 4. Tapping mode AFM images of 4 different RR-P3HT/PCBM bulk-heterojunction solar cells: as produced (1), annealed (2), thiol added (3), thiol added
and annealed ﬁlm (4). The RMS surface roughness for all solar cells is 0.2 nm (cell 1), 0.6 nm (cell 2), 7.1 nm (cell 3), and 4.3 nm (cell 4).
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Fig. 5. Dark current–voltage (I–V) curves (a) and same dependencies plotted in log–log scale with built-in voltage subtracted (b) of 4 different RR-P3HT/
PCBM bulk-heterojunction solar cells: as produced (thin line), annealed (thick dashed line), thiol added (thick line), thiol added and annealed ﬁlm (thick
dash dot line). Straight lines (thick for sample 1 and thin for sample 3) are calculated ideal Mott’s space charge limited currents using carrier mobility at
long time obtained from photo-CELIV (Fig. 7).

Author's personal copy
779

A. Pivrikas et al. / Organic Electronics 9 (2008) 775–782

ðj ¼ enln E þ eplp EÞ;

ð1Þ

where j is the current density, e is electron charge, n and p
are the electron and hole concentration, respectively, ln
and lp are the electron and hole mobilities, respectively,
and E is the electric ﬁeld). In principle, another possibility
for a smaller dark current in forward bias in untreated cells
without alkyl thiol could be due to a contact limited injection. The post production thermal treatment and/or the alkyl thiol addition could have altered the contact properties
between the interpenetrating network and the electrode.
However, treated cells without alkyl thiol (which also have
high dark injection current) were annealed without the
aluminum electrode, which was thermally evaporated
afterwards. Therefore, at least Aluminum electrode interface cannot be responsible for the lower dark current in
forward bias in the untreated cells.
In Fig. 5b the same dark current–voltage curves with
subtracted built-in voltage (taken from the open circuit
voltage of the I–V curves under illumination) are plotted
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where e and e0 are the relative and vacuum’s dielectric permittivity respectively, U is applied external voltage and d is
the ﬁlm thickness. The dark current measured in untreated
solar cells (Fig. 5b) is lower as compared to treated cell and
cells with alkyl thiol, so is the carrier mobility (at longer
times) as shown in Fig. 7. The calculated SCLC values and
current measured from I–V curves are in rather good agreement within the experimental error, showing that the
photo-CELIV experiment rather well estimates the steady-state carrier mobility. It is important to note that usually in steady-state space-charge-limited conduction
models [31] a carrier transport with carrier mobility independent on the electric ﬁeld is assumed, which is rarely the
case in disordered materials like in solution processed
ﬁlms.
In order to ﬁnd out whether the increased dark current
in treated cell and in cells with alkyl thiol is due to higher
carrier intrinsic concentration (due to doping, impurities or
similar effects) or due to improved charge carrier mobility,
we have studied the cells using dark charge carrier extrac-
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in log–log scale in order to characterize the current–voltage dependence. For voltages above 1 V the current seems
to approach a square dependence but deviates at larger
voltages in treated cell and cells with alkyl thiol. As it will
be shown later from Fig. 6a, at given geometry and intrinsic conductivity, a space charge limited current already
dominates at 1 V in all our cells, due to low intrinsic carrier
concentration (SCLC condition is reached when the charge
on the electrodes (CU) is larger than the charge present inside the ﬁlm, Q > CU).
The straight line in Fig. 5 shows the calculated SCLC current for sample 1 and sample 3, where the carrier mobility
is taken at longest delay times from the photo-CELIV technique (shown below in Fig. 7) because of the dispersive
nature of charge transport in organic materials. The following equation was used to calculate SCLC [31]:
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Fig. 6. (a) CELIV dark current transient response to an applied triangleshaped voltage pulse in reverse bias of 4 different RR-P3HT/PCBM bulkheterojunction solar cells: as produced (thin line), annealed (thick dashed
line), thiol added (thick line), thiol added and annealed ﬁlm (thick dash
dot line). Circles mark the position of current extraction maximum (tmax)
for all four different type of ﬁlms. (b) Photo-CELIV current transients
recorded for various delay times tdel between the laser and triangleshaped voltage pulses. The extraction maximum time shift is guided with
an arrow.
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tion by linearly increasing voltage (dark CELIV) technique
[32]. This technique allows to measure the charge carrier
concentration and the mobility simultaneously [33]. The
dark CELIV current transients are shown in Fig. 6a. In CELIV
experiments a triangle-shaped voltage pulse is applied in
reverse bias. The ﬁlm acts as a capacitor, and the current
is measured with an Oscilloscope’s load resistance forming
all together a differentiating RC circuit. The current response would show a constant current pulse if the capacitor would be ideal without mobile charges between the
capacitor plates. However, if there is an intrinsic carrier
concentration inside the ﬁlm, the dark current response
would be seen as a conductivity current on top of the constant capacitive displacement current step. The charge
mobility can then be estimated from the current extraction
maximum and charge concentration is estimated and by
integrating the current over time [32,33]. The current transient response shown in Fig. 6a is different for the untreated cells without alkyl thiol and the other cells. At
the initial time the current is rapidly increasing in the treated cell and cells with alkyl thiol, whereas later the current
decreases forming an extraction maximum (tmax). The
extraction current in the untreated cell is much smaller
and the extraction maximum is at longer times showing
less equilibrium charge with slower mobility in the untreated solar cells.
From Fig. 6a the equilibrium (intrinsic) charge concentration is estimated 5.6  1014 cm3 in the untreated sample (1), 1.3  1015 cm3 in the treated sample (2),
3.8  1015 cm3 in the untreated sample with thiol (3),
and 1.7  1015 cm3 in the treated sample with thiol (4).
The charge present in the ﬁlm are calculated to be below
4  1010 C, whereas the charge due to the geometrical
capacitance at 1 V is around 3  109 C (for contact area
around 5 mm2). Therefore, the charge on the electrodes
for all samples (samples were made with similar geometries) at 1 V is much larger than the equilibrium intrinsic
charge stored in the ﬁlm, which justiﬁes using the model
of a space charge limited current (as discussed above). This
observation is in agreement with high purity organic semiconductors where the steady state SCLC is easily reached at
rather low applied external electric ﬁeld [34,35].
For measuring the mobilities of photogenerated charge
carriers, we have used the photo-CELIV technique [36].
This technique is able to probe dispersive transport which
is typical in all disordered materials. As an additional
advantage, the charge carrier mobility can be measured
in <100 nm thin ﬁlms, where typical time-of-ﬂight (TOF)
technique is not applicable [37]. The main advantage of
this method is that it allows measuring the carrier mobility and density simultaneously. The charge carriers are
photogenerated with a short laser light pulse prior to their
extraction with a triangle-shaped voltage pulse. The delay
between the laser and triangle voltage pulses (tdel) is
changed and the current transients are recorded in the
oscilloscope for different delay times. Experimentally
measured photo-CELIV transients were recorded for all
four types of solar cells and where the transients for untreated solar cells without thiol are shown in Fig. 6b.
The charge carrier mobility is then estimated using the
following equation:

2

l¼

2d

3At 2max

;

ð3Þ

where A is the slope of triangle-shaped voltage pulse.
Fig. 7 shows the charge carrier mobilities for all four
types of ﬁlms experimentally measured from the photoCELIV current transients. Mobility is plotted as a function
of time, which is the sum of both the delay time between
the laser pulse and triangle voltage pulse and the extraction maximum. The carrier mobility in the untreated ﬁlm
without alkyl thiol has a very strong time-dependence,
whereas the carrier mobilities in the other ﬁlms show a
rather time-independent behavior. Interestingly, the carrier mobility at very short time is very similar in all ﬁlms.
In untreated ﬁlms, this similar value might arise from the
unﬁnished carrier relaxation in the broad density of states
(DOS). The relaxation of the photogenerated charge carriers and the carrier mobility saturates when DOS has a
Gaussian distribution, as described by Bässler’s theory of
charge transport in disordered organic materials [38,39].
At longer times, when the carrier mobility approaches
the dynamic equilibrium, the difference between the untreated ﬁlm and the rest of the ﬁlms becomes larger.
In CELIV experiments the measured current is determined as a sum of both faster and slower carrier mobilities
as shown in Eq. (1), therefore, the plotted mobility in Fig. 7
is presumably from the faster carriers [40]. The dark injection current will be mostly dominated by carriers with faster mobility, so we can use the photo-CELIV mobility to
calculate the SCLC current which is shown as a line in
Fig. 5b).

3. Conclusions
Addition of alkyl thiols to P3HT/PCBM solar cells results
in improved photovoltaic performance and efﬁciency compared to pristine untreated and even to thermally annealed
cells. Therefore, substitution of postproduction treatment
of bulk-heterojunction solar cells can simplify the solar cell
fabrication process. Solar cells fabricated with alkyl thiol
show red-shifted absorption compared to untreated and
even to thermally annealed cells. In addition, the optical
absorption coefﬁcient increases in the cells with alkyl thiol.
Both effects allow for a better overlap with the solar spectrum and for a larger portion of energy absorbed. IPCE
spectra and current–voltage characteristics show a large
difference between untreated solar cells without alkyl thiol
and the cells with the additive. In this study the power
conversion efﬁciency in unoptimized solar cells with alkyl
thiol was found to be 2.5% whereas for the untreated P3HT/
PCBM cells around 0.9% (under AM1.5 standard illumination conditions) were obtained. We found that thermal
treatment and alkyl thiol addition strongly increases dark
current, which is mainly due to improved charge carrier
mobility, as seen from time resolved carrier mobility measurements with photo-CELIV. Untreated solar cells show
much a strong decay of carrier mobility with time. Treated
cells and cells with alkyl thiol mobility is nearly time-independent suggesting reduced losses. The relaxed carrier
equilibrium mobility is in rather good agreement with
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the steady state space charge limited current in the current–voltage characteristics. The improved carrier equilibrium mobility is explained by the differences in the
morphology of the cells. Treated cells and cells with alkyl
thiol, show improved interpenetrating network and well
deﬁned pathways for the electron and hole conduction to
the electrodes.

4. Experimental
Bulk-heterojunction solar cells were prepared according to the following procedure: indium tin oxide (ITO)
coated glass substrates with surface resistance of
15 square1 (purchased from Merck) were cut to square
pieces 1.5 cm  1.5 cm and approximately half of ITO was
chemically etched away. Substrates were then ﬁrst
mechanically cleaned using Kodak lens cleaning tissue
and afterwards washed in the ultrasonic bath using organic
solvents and dried in a nitrogen ﬂow. A thin layer of high
quality poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) in aqueous solution (purchased
from Bayer AG) was spin-coated on the substrates using
2000 RPM spin-coater speed. The thickness of PEDOT is below 50 nm. Substrates with PEDOT were annealed on the
hotplate for several minutes at 120 °C. The photoactive
layer of polymer and PCBM was spin-coated on top with
typical thicknesses of 100–200 nm. Four different photoactive layers were used in the experiment: ﬁrst 10:8 mg/ml
ratio of P3HT and PCBM in toluene was prepared, well dissolved in the ultrasonic bath. The solution was separated
into two glass bottles and 5% by volume of n-octylthiol
was added to one of the solutions. Both solutions were ﬁltered through 0.45 lm ﬁlter and deposited on to the prepared substrates: 2 samples were made from pristine
solution and 2 samples from solution with n-octylthiol.
One sample from each pair was later thermally annealed
on the hotplate at 120 °C for several minutes. During all
measurements the samples were kept at room temperature. For visualization of the postproduction treatment
and alkyl thiol addition effects the experiments were performed for all four fabricated bulk-heterojunction solar
cells. To ﬁnalize the preparation of solar cell, the top electrode consisting of 0.5 nm LiF and subsequently Al was
evaporated in the vacuum below 105 mbar. The size of
the active area of the solar cells was between 3 mm2 and
12 mm2.
For ﬁlm preparation spincoater obtained from Specialty
Coating Systems Inc. model P6700 was used. Optical
absorption spectra and absorption coefﬁcient were measured using Cary 3G UV–Visibile Spectrophotometer and
ﬁlm thickness (as well as ﬁlm morphology) was determined Veeco Nanoscope DI 3100 AFM. Current–voltage
curves were measured with a Keithley SMU 236 in the dark
and under an illumination intensity of 1000 Wm2 with a
Steuernagel Lichttechnik GmbH solar simulator providing
the AM1.5 sun spectrum. In the IPCE measurements were
using standard setup. During the CELIV measurement the
triangle-shaped voltage pulses were generated using Agilent 33250A arbitrary pulse generator controlled by Stanford Research Systems DG535 pulse generator. In the
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photo-CELIV measurements Coherent Inﬁnity 40–100
Nd:YAG 5ns 532 nm laser was used together with supporting optics. Custom written Labview control program controlled the timing between the laser and triangle voltage
pulses.
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