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Abstract: In this article, we report on an optical real-time autocorrelator readout with a 5 Hz refresh
rate, equipped with a transimpedance amplified photodetector based on the two-photon absorption
(TPA) of semiconductor photodiodes (PDs) for ultrashort (1 < ps) pulse measurement. By replacing
the GaP PD of a commercial TPA detector with GaAsP and Si PD elements, we demonstrated that
the spectral response based on the TPA of each photodetector followed the linear response of the
corresponding semiconductor PD within accessible wavelength regions. The TPA spectral response
of the GaAsP detector exhibited a peak at 1200 nm and a long wavelength limit near 1300 nm. The
TPA spectral response of the Si detector exhibited a short wavelength limit near 1170 nm and a
linear response up to 1300 nm. The two types of PD were compared with the characteristics of
the GaP photodiode. These photoconductive detectors are efficient, compact, and robust sensors
and can be used to diagnose the pulse characteristics of ultrafast fiber lasers and light sources near
IR wavelengths.

Keywords: real-time autocorrelator; two-photon absorption; photoconductive detector; GaP; Si;
GaAsP; photodiode

1. Introduction

Optical autocorrelation for ultrashort pulse characterization using two-photon ab-
sorption (TPA) in commercially available semiconductor devices provides a convenient,
economical, and sensitive alternative to traditional techniques using nonlinear crystals.
For example, its application has been reported in the autocorrelation measurement of
6 fs pulses with energies as small as a few picojoules based on two-photon-induced pho-
tocurrents in a GaAsP photodiode (PD) [1]. Ultrashort pulse measurements typically
use intensity and interferometric autocorrelation (AC and IAC), in which a Michelson
interferometer divides them into two pulses using a beam splitter with a relative time
step and recombines them to produce an interference pattern for the second harmonic
generation (SHG) in a nonlinear crystal. The SHG beam is usually measured using a PD
such as Si or a photomultiplier tube (PMT). Semiconductor sensors excited via TPA or
three-photon absorption (3PA) effects have attracted much interest in eliminating the use
of troublesome nonlinear crystals and bulky PMTs. Different from the fragile nonlinear
crystals a few tens of hundreds of microns in thickness, semiconductor sensors are cheap,
solid, and insensitive to phase-matching for TPA or 3PA. Strict phase mismatching for
harmonic generation tends to invoke spectral filtering to ensure that the measured autocor-
relation function is incorrect and distorted. Several groups have previously reported on the
application of TPA- and 3PA-based phenomena for pulse diagnostics of ultrafast optical
pulses with PDs using Si [2,3], GaAsP [1,2,4–6], GaP [7], InGaAs [8], SiC [9,10], ZnSSe [11],
diamond [12], GaN [13], LEDs (light-emitting diodes) using AlGaAs [14], laser diodes com-
posed of GaAsP [3], AlGaAs/GaAs [15], GaN [16], and photomultipliers, such as CsI, CuI,
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and GaAs PMTs [17,18], in standard autocorrelators. Multiple quantum-well waveguides
and microcavity-structured optoelectronic devices have also been demonstrated [19,20].
Semiconductor sensors with linear absorption responses are preferred, as they offer high
versatility, ease of integration with compact devices, and insensitivity to phase-matching
and polarization restrictions for pulse diagnostics.

Over the last two decades, the field of pulse diagnostics has progressed rapidly, to-
gether with a multitude of ultrafast and ultrahigh laser developments. Spectrograms of
frequency-resolved optical gating (FROG) [21] and spectral shearing sonograms for direct
electric-field reconstruction (SPIDER) [22] have been developed to realize ultrafast oscillo-
scopes that display the temporal and spectral profiles of input pulses (intensity and phase)
at rates of several Hertz. However, such techniques require extended setups—such as mini-
spectrometers or cameras—and proprietary retrieval algorithms. These techniques still
require nonlinear crystals or media to obtain spectrograms or sonograms for retrieving the
amplitude and phase of ultrashort pulses. Although IAC does not provide a direct measure
of the phase structure of an input pulse, it nonetheless provides useful information about
coherent artifacts and the presence of coherent sub-structures, and provides a clear measure
of second-order coherence characteristics for determining the pulse characteristics [23].
Stable ultrafast laser systems can be challenging to develop and maintain; this is because
multiple scatter pulses with variable separations and relative phases with respect to the
main pulses can be easily induced by over-pumping the power and due to the improper
choice of output coupler transmittance. Moreover, modern FROG- and SPIDER-based
techniques are unable to detect or retrieve unstable satellite pulses in all cases [24]. Con-
sequently, traditional pulse autocorrelation measurements, regardless of sum-frequency
wave mixing, are preferred in simple ultrafast oscilloscopes to monitor stable single-pulse
trains. Recently, the TPA effect in commercial complementary metal–oxide–semiconductor
(CMOS) webcams has been applied to develop a cost-effective NIR spectrometer capable of
generating nonlinear spectral intensity and its modulated spectrum [25].

Most photocurrents induced by the photovoltaic TPA effect on various semiconductors
are as low as sub-nano-ampere-scale, so they need to be amplified using external current
amplifiers to convert the current into a voltage [26]. In the meantime, there have been few
demonstrations on the developments in semiconductor detectors on the basis of photocon-
ductive TPA phenomena, where current-to-voltage amplification occurs sequentially, and
the weak current is converted to a moderate output voltage via transimpedance amplifica-
tion circuits within the detector. Such semiconductor devices do not require an external
current amplifier or the sensitivity of photocurrent detection electronics, depending on their
photocurrent detection schemes—that is, the autocorrelator sensitivity is dependent only
on the TPA sensitivity of the PDs. Shin et al. previously conducted sensitive autocorrelation
measurement based on TPA using a commercial photoconductive GaP detector with a wide
spectral response ranging from 600 to 1100 nm [27]. To fully resolve IAC for sub-10 fs pulses,
we showed that the detector should have a bandwidth of at least ~100 kHz. Moreover, the
study showed comparable output signals between the second harmonic generation using
a BBO crystal and the TPA process using a GaP PD; the sensitivity between the SHG and
TPA measurements differing by a factor of three.

This study entailed the development of a real-time autocorrelator equipped with
gain-controllable photoconductive GaP, GaAsP, and Si detectors, where reverse-biased
PDs were illuminated to induce the photocurrent excited by TPA. It delivered readouts
of real-time AC and IAC traces at a refresh rate of 1–10 Hz. GaAsP and Si photodiodes
were used in this study because they are suitable for pulse measurement up to 1.1 µm
and 1.5 µm bands, respectively. GaP was selected as a reference photodiode for the
detection of high-power pulses in the near-infrared (~800 nm) wavelength band and
for the comparison of its characteristics with those of other semiconductor PDs. An
internal operational amplifier circuit in a compact detector converted the photocurrent into
an electric voltage (transimpedance type), controlling the amplification gain with 10 dB
increments by choosing one of internal feedback resistors. While changing the PD of a
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commercial GaP detector to GaAsP and Si PDs, we investigated the spectral responses
of those TPA-based photodetectors to determine their short or long wavelength limits
and efficiency, allowing for TPA-based pulse measurement, by using a femtosecond light
source tunable from 650 to 1300 nm. Based on the TPA spectral responses, we determined
the long wavelength limits to be near 970 and 1300 nm for the GaP and GaAsP detectors,
respectively, while the short wavelength limit was found to be near 1170 nm for the Si
detector. We found that the spectral response based on TPA-based detectors followed the
linear response curve of the corresponding semiconductor PD. These photoconductive
detectors are simple and robust sensors with a high signal-to-noise ratio (SNR) and are
highly competitive in diagnosing the pulse characteristics of ultrafast fiber lasers and light
sources near IR wavelengths.

2. Materials and Methods

We adopted a GaP photoconductive amplifier (PDA25K, Thorlabs, Newton, NJ, USA)
as a photoconductive detector, to implement a solid and an autocorrelator for the readout
of a real-time autocorrelation stamp without an additional amplifier. The GaAsP and Si
photoconductive detectors were prepared by replacing the GaP PD with GaAsP (G1115,
Hamamatsu, Japan) and Si (PDA100, Thorlabs, Newton, NJ, USA) PDs. This photodetector
features a low-offset output, low noise, and an adjustable transimpedance amplifier to
control the gain up to 70 dB. The light source was a commercial tunable laser, InSight X3
(Spectra-Physics, Milpitas, CA, USA), which could provide pulses with durations of less
than 120 fs at an 80 MHz repetition rate and a broad tuning range of 680–1300 nm.

Figure 1 shows the actual setup configuration for autocorrelation (12 × 16 inch2). It fol-
lows a Michelson interferometer, as in conventional ACs equipped with a photoconductive
detector. The pulse from the laser system was separated into two pulses by a 50:50 beam
splitter (BS) with low group delay dispersion (GDD). They traveled to gold mirrors M1
and M2. The pulses reflected from M1 and M2 were noncollinearly overlapped and tightly
focused on the surface of the detector using an off-axis parabolic silver mirror. A woofer
was installed at the end of the reflection arm to undergo a delay scan and was operated by
a 5 Hz sinusoidal wave from a home-built 30-watt power amplifier driven by the analog
output terminal signal of the data acquisition card (NI USB DAQ 6356, 1.25 MS/s).

To obtain an accurate time step, we used a linear encoder (MS 15 TTL, RSF Electronik,
Austria) with a resolution of 0.1 µm (0.67 fs < 1 fs) next to the fast-moving slider with retro-
reflecting mirror M1. To evaluate the power dependence of the detector’s photoconductivity,
the laser light from the laser system was adjusted using a neutral density (ND) filter at
the initial location of the autocorrelator. To confirm the wavelength dependence of TPA,
wavelengths from 680 nm to 1300 nm were measured at intervals of 5 nm with the same
laser power. By adjusting the variable beam attenuator, whose position was fixed in front
of the incident autocorrelator, the intensity of the excitation light incident on the three
semiconductor PDs was set to the same conditions. In the autocorrelator shown in Figure 1,
since the TPA-based semiconductor PD was replaceable, three types were changed in turn,
and then, mounted again. Since the distance of the replaced PD was changed, the distance
of the parabolic mirror was finely adjusted so that the peak voltage signal of the pulse
was maximized. Through this, the distance between the photodetector and the parabolic
mirror was kept constant. During each tuning at 5 nm intervals, there was no change in
the alignment of the autocorrelator and the incident excitation light. The output voltage
from the detector was acquired and collected using a home-built LabVIEW application, in
which the pulse width from each AC trace was fitted by assuming a Gaussian or sech-pulse
shape. Most gain switching for the photoconductive detectors was maintained at a 30 dB
setting to secure an adequately fast bandwidth; a transimpedance gain of 2.38 × 104 V/A
was achieved at a low output impedance load (50 Ω) [28].
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Figure 1. Real-time readout autocorrelator with a photoconductive detector to obtain TPA signals.
M1 and M2 are retro-reflecting gold mirrors with a 50:50 beam splitter (BS). The focal length of the
parabolic mirror and the off-axis silver mirror is 25 mm. For delay scans, a woofer is used between
two separated pulses. A linear encoder is used for accurate time-step movement of the retroreflector.

3. Results and Discussion

Figure 2 shows the sequential process of extracting pulse characteristics from the
readout of an AC trace based on TPA, measured using a GaAsP detector at a transimpedance
gain of 30 dB, for hundreds of femtosecond pulses, with a moderate power of 300 mW,
from an Insight X3 oscillator. Figure 2a shows a real-time readout of an AC trace at a 5 Hz
rate across the entire ±10 ps time delay. Figure 2b shows a fitted pulse width of 430 fs,
and the amplitude of the time-delay-corrected autocorrelation trace is assumed to have
a Gaussian shape from the AC trace based on TPA, measured using femtosecond pulses
at an 800 nm center wavelength for GaAsP PDs. Inside the femtosecond laser (Insight
X3), there was an extra-cavity GDD setup outside the oscillator to control the pulse width
and deliver the shortest pulses at a particular center wavelength, to meet the demands
of specific applications. The AC function for a coherent light source yields a peak-to-
background ratio of 2:0, while the ratio can be increased to 8:1 for the IAC function [23,29].
Most semiconductor PDs have intrinsic sharp bandgaps; however, owing to their material
inhomogeneity, their linear absorption bands exhibit smooth response curves over a limited
wavelength range across their inherent bandgaps—such as the spectral response curves
over the 300–680 nm range of GaAsP PDs. The introduction of impurities into compound
semiconductors results in the creation of additional energy levels within the material’s
band structure. These impurity levels, depending on the type of dopant (III or V), are
commonly found in close proximity to the valence or conduction band edge [30].
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Figure 2. Subsequent processes of extracting pulse characteristics: (a) Readout of the AC trace at a
5 Hz refresh rate collected using a home-built LabVIEW application. (b) AC traces collected and fitted
to the intensity AC function using Gaussian-assumed pulses, and the pulse width and amplitude of
the intensity AC function. Here, the amplitude of the AC function is corrected by the squared ratio of
the fitted pulse width at 800 nm to the shortest pulse width at 1300 nm, as shown in (c). (c) Variation
in the pulse width with center wavelength tuning of the femtosecond laser from 680 to 1300 nm in
steps of 50 nm.

However, the impurities of semiconductor PDs extend the linear response of the
PD detector and exhibit considerable linear absorption, enhancing the background DC
voltage of AC traces for long wavelengths above the bound of the linear response of a
PD—for example, 680 nm for a GaAsP PD. These direct absorptions outside the linear PD
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response are detrimental and a primary challenge for two-photon measurements using
semiconductor PDs.

As direct absorption due to impurity levels is rare and relatively weak at wavelengths
far outside the linear response—to eliminate these unwanted linear contributions for
various PDs—we normalized and fitted each AC trace such that the background DC signal
strength was zero. Figure 2c shows the measured and fitted full-width-half-maximum
of pulse width from the AC traces for input pulses from the Insight X3 cavity, tuned at
center wavelengths of 680 to 1300 nm in steps of 50 nm. The measured and fitted pulse
widths vary from ~800 to ~220 fs as the center wavelength increases, indicating that the
extra-cavity GDD setup outside the oscillator is unbalanced for proper GDD compensation,
and the output pulses are all severely chirped and partially GDD-compensated at the
longest wavelength near 1300 nm. Accompanied by changes in the pulse width based on
changes in the center wavelength for the input beam, the peak power of a femtosecond
pulse is inversely proportional to the pulse width and the strength of TPA, proportional to
the square of the peak power, and inversely proportional to the square of the pulse width.
The sensitivity of TPA (Stwo-photon)—defined as the number of generated photoelectrons per
incident photon—can be calculated as follows:

Stwo−photon(A/W2) =
Vout(V)

Pinput
2(W2)× Transimpedance Gain(V/A)

, (1)

where Pinput denotes the input power for TPA with repetition rate, pulse width, and beam
waist, and Vout denotes the output voltage from the detector at each preset gain dB [28].

Accordingly, we simultaneously collected the intensity AC trace at a center wavelength
to fit the pulse width and amplitude of the intensity AC function, with the extracted
amplitude of the AC function reflecting the sensitivity of TPA at the center wavelength
of the PD detector. The fitted amplitude of the AC function at the center wavelength
was corrected by the squared ratio between the corresponding fitted and shortest pulse
widths—that is, at the 1300 nm wavelength for the GaAsP PD detector—as the TPA signal is
proportional to the square of the peak power. Moreover, the longer the center wavelength,
the shorter the pulse width. As shown in Figure 2b, the corrected signal denotes the
amplitude of the AC function at an 800 nm wavelength (on a voltage scale), corrected by
the squared ratio of the fitted pulse width at 800 nm to that at 1300 nm.

As described in our previous study [27], we have shown that the output voltage at
long wavelengths outside the linear response could be attributed to the TPA process of the
GaP detector—based on the quadratic power dependence with a slope of approximately
two; moreover, the threshold power at 40 dB for a complete AC trace is as low as 15 mW,
where the PD detector responds to as low a pulse energy as ~40 pJ. In photoconductive
detectors, the autocorrelator sensitivity depends only on the TPA efficiency (sensitivity).
In our previous study, the sensitivity (Stwo-photon) was estimated to be ~5.8 × 10−5 A/W2

for a GaP PD [27]. For the GaP PD, the maximum sensitivity for the one-photon process is
Sone-photon~0.1 A/W at 430 nm [28], which is three orders of magnitude larger than that of the
TPA process. The maximum sensitivities for the one-photon process are Sone-photon~0.3 A/W
at 600 nm for the GaAsP PD and Sone-photon > 0.7 A/W at 970 nm for the Si PD [31]. Since
the photocarriers excited by the two-photon process across the bandgap result in tracking
the linear response of the PD, we anticipate that the TPA signal for the Si PD will exhibit
the most efficient sensitivity, with the GaAsP PD exhibiting higher TPA sensitivity than the
GaP PD.

To ensure high performance and a wide tuning range, we collected the intensity AC
traces at the same incident input power of 300 mW and fitted them to a Gaussian-assumed
AC function for GaP, GaAsP, and Si detectors at three typical wavelengths along the full
wavelength range of 680–1300 nm available from the oscillator. In Figure 3, the amplitude
of the AC function at a given wavelength is corrected by the squared ratio of the fitted
pulse width to the shortest pulse width for each PD detector. This corrected amplitude
represents the TPA spectral sensitivity of the detector at a specific wavelength. Figure 3a
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shows a corrected amplitude near 1 V for the GaAsP detector held to a 30 dB gain at three
wavelengths—that is, 685, 900, and 1300 nm. This is consistent with the fact that TPA
can occur for wavelengths from 600 to 1360 nm, considering the linear response range of
300–680 nm. Notably, the signal strength at 1300 nm is slightly lower than the expectation
based on the linear response curve. The amplifier gain bandwidth product in our detector
is 25 MHz, and its bandwidth at 40 dB gain is reduced to 100 kHz [28], which is sufficient
to resolve the fast-oscillating components in IAC with a rise time of <10 µs [27].
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Figure 3. Corrected amplitude of the AC function, denoting the TPA signal response (a) for the
GaAsP detector at three wavelengths—that is, 685, 900, and 1300 nm; (b) for the GaP detector at three
wavelengths—that is, 680, 860, and 970 nm; and (c) for the Si detector at three wavelengths—that is,
1165, 1230, and 1300 nm. The three wavelengths are represented by serial numbers.

Figure 3b shows the corrected amplitude of the AC function for the GaP detector held
to a 20–30 dB gain at three wavelengths—that is, 680, 860, and 970 nm. It is similar to that
of the GaAsP detector, and its behavior can be understood within a linear response range
of 150–550 nm. However, the TPA signal at 970 nm is noticeably lower than expected, with
the TPA signal at 30 dB gain being too weak to enable the measurement of the pulse width
at wavelengths longer than 970 nm. This is because the photodiode’s responsivity varies
according to the wavelength of laser light.

Figure 3c shows the corrected amplitude of the AC function, which is as high as
approximately 1 V for the Si detector held to a 0 dB gain at three wavelengths—that is,
1165, 1230, and 1300 nm. Since the Si PD detector delivers the highest TPA signals, it
shows sufficient strength even with a gain of 0 dB. TPA signals at shorter wavelengths
than 1165 nm are too weak for measuring the pulse width because of the background DC
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level enhanced by strong direct absorption. The TPA signals tend to grow toward the
direction of longer wavelengths, from 1165 nm to a maximum of 1300 nm. Moreover, the
standard Si PD has the widest and highest linear responses among known PDs, covering
a 350–1100 nm wavelength range, indicating that the TPA for Si PDs is feasible for an
1165–2200 nm wavelength range.

For a detailed investigation of the spectral response of TPA signals for photoconductive
detectors, we examined the spectral dependence of the above PDs over the spectral domain,
which provided the exact TPA measurements, as verified in Figure 3.

As described in Figure 3, the TPA signal in Figure 4 denotes the amplitude of the
intensity AC function (Vpeak_corrected) corrected by the squared ratio of the pulse width at
a particular wavelength to the shortest pulse width, fitted from the collected TPA trace
for each detector. Figure 4a shows the spectral dependence of the TPA signal (sensitivity,
response) over just the 730–970 nm range for the GaP detector at a 30 dB gain with a
300 kHz bandwidth. The blue circles denote the TPA signals (Vpeak_corrected) with voltage
scale measured using the 20–30 nm wavelength steps. The red line represents a guideline
representing a rough average value. Although the data are slightly scattered and deviated,
the spectral response of TPA is similar to the linear absorption response trace of the GaP
PD, as shown by the red line. The highest TPA signal of approximately 1 V at 860 nm is
consistent with the peak at 430 nm of the linear response curve of the GaP PD. With the peak
TPA response at 860 nm, the TPA signals moving toward longer wavelengths are rapidly
reduced compared to those for shorter wavelengths. This is similar to the asymmetric linear
absorption curve of the GaP PD, which exhibits a rapidly decreasing slope at the longer
wavelength side lobe. It is evident that the TPA signal of the AC function on the 30 dB gain
setting is reduced to be sufficiently weak to be barely distinguishable at 970 nm; however,
it recovers with sufficient strength, more easily extracting the pulse width at higher gain
settings than at 30 dB. Notably, a higher gain setting causes the bandwidth to reduce, with
the 30/40 dB gain setting being the permissible margin to fully resolve rapidly oscillating
fringes in the IAC trace [27].
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Figure 4. Spectral dependence of the TPA signal, denoting the corrected amplitude of the AC function
(Vpulse duration corrected) (a) for the GaP detector measured in 20–30 nm wavelength steps across the
730–970 nm range, (b) for the GaAsP detector measured in 50 nm steps across the 685–1300 nm range,
and (c) for the Si detector measured in 5 nm steps across the 1170–1300 nm range.
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Figure 4b shows the spectral dependence of the TPA signal for the GaAsP detector
measured in 50 nm steps across the 685–1300 nm range. The spectral TPA response shows
smoother variations and is consistent with the movement of the linear absorption curve of
the GaAsP PD, revealing an asymmetric shape similar to a right-angled triangle. The peak
of the TPA signal near 1200 nm coincides with the peak of the linear response at 600 nm,
showing a 10-fold TPA signal strength difference between 685 and 1200 nm. This agrees
with the fact that there is a near 10-fold sensitivity difference between 340 nm (≈0.04 A/W)
and 600 nm (≈0.3 A/W). Notably, the TPA response of the GaAsP PD from a visible
wavelength to a 1200 nm NIR wavelength tends to increase steadily, albeit differently from
the previous results of Ranka et al. [1]. Although the linear sensitivity (≈0.25 A/W) of
GaAsP at 650 nm exceeds the sensitivity (≈0.18 A/W) at 475 nm, the TPA signal strength is
reversed—that is, the TPA signals near longer wavelengths (e.g., 1300 nm) rapidly decrease
compared to those at the peak wavelength (i.e., 1200 nm). This may be related to several
shallow defect/trap levels near the band edges with a low density of states, which might
be created during the PD manufacturing process [32,33]. Such imperfections/impurities in
semiconductor PDs can distort and even extend to the linear response of PDs near a longer
wavelength than the peak response. This is a general tendency for most semiconductor PDs.

Figure 4c shows the spectral dependence of a TPA signal for the Si detector at 10 dB
gain with a 3.3 MHz bandwidth measured in 5 nm steps across a narrow 1170–1300 nm
range. Since the Si PD has a linear response with high peak sensitivity (≈0.7 A/W) near
970 nm, the gain setting of the Si detector can be reduced to 10 dB, and still exhibits a TPA
signal as high as a few hundred millivolts. Over the broad wavelength region from the
response peak at 970 to 1060 nm and higher (≈1100 nm), the Si PD exhibits sensitivity
as high as ~0.1–0.3 A/W, which is comparable to and even exceeds the peak sensitivities
of GaP and GaAsP PDs. This makes the Si detector exhibit a high background-voltage
rise, with the TPA signals weakening for short wavelength excitations below <1170 nm
owing to strong direct absorption. The TPA signals are slightly scattered and variable
because of the high TPA efficiency, with the detector position being sensitive to the shortest
pulse width up to 200 fs over this wavelength region. However, a steadily increasing
trend toward longer wavelengths from the red line is evident. The TPA response over a
1170–1300 nm range corresponds to the linear spectral response between wavelengths of
585 nm (≈0.25 A/W sensitivity) and 650 nm (≈0.38 A/W); however, it only shares a narrow
spectral domain within an entire linear response region as narrow as 400–1100 nm. Even if
the spectral region is relatively narrow, the steadily increasing TPA response resembles the
corresponding steadily increasing linear spectral response.

4. Conclusions

A real-time readout autocorrelator with a 5 Hz refresh rate, based on the TPA effect,
inside a commercial GaP and Si detector, as well as an alternative to a GaAsP PD, embedded
with a transimpedance amplifier for switchable gain, was demonstrated. We investigated
the TPA spectral responses of GaP, GaAsP, and Si photoconductive detectors by analyzing
the amplitude and pulse width of an AC function, collected and fitted from TPA-induced
intensity AC traces across a spectral wavelength range of 680–1300 nm. The TPA spectral
response for the GaP detector exhibited a peak at 860 nm and a long wavelength limit near
970 nm, faithfully following the linear response curve across a 680–970 nm wavelength
range. The TPA spectral response of the GaAsP detector exhibited a peak at 1200 nm and a
long wavelength limit near 1300 nm, accurately following the linear response curve across
the 685–1300 nm wavelength region. The TPA spectral response of the Si detector exhibited
a peak at 1200 nm and a long wavelength limit near 1300 nm. The Si detector showed
that the TPA spectral response resembled the linear response curve, based on the results
obtained within the narrow 1170–1300 nm wavelength region. pulse width measurement
experiment techniques using photodiodes are a long-standing research topic [1,2]. For the
first time, 6 fs ultrafast pulse diagnosis was possible from a photodiode using GaAsP [1].
Subsequently, the development of an autocorrelation device for pulse width diagnosis using
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group 3~5 [4–7], group 2~6 [11], and group 4 compound Si semiconductor [3,9,10,12] and
an MQW/a waveguide [15] was carried out consistently. These methods were performed
as photovoltaic methods that detect signals without applying a reverse voltage across
the photodiode. For this reason, the pulse width was measured using a sophisticatedly
designed current amplifier to amplify very small currents generated from the photodiode.
In this study, a transimpedance amplification method was used that effectively converts the
minute current excited by the TPA phenomenon into a voltage signal by applying reverse
voltage within the breakdown voltage range to both ends of the photodiode. That is, by
driving in photoconductive mode, it was possible to acquire a large signal without using a
separate current amplifier and an additional circuit for noise removal.

Currently, photoconductive detectors equipped with GaP and GaAsP PDs have been
discontinued commercially and can be difficult to obtain, and are available online only in
small quantities. However, when high-power ultrafast pulse lasers are used for only a short
time, the cumulative effect caused by heat is small, so they will be used for sterilization,
treatment, and diagnosis, such as processing and cutting using melting and ablation, or
medical and bio-imaging fields. For this, the real-time measurement of pulses is essential.
In particular, GaAsP photodetectors are remarkably compact and robust sensors that can be
used to diagnose pulse characteristics for high-power ultrafast fiber lasers and measurement
systems using Yb-doped solid-state lasers near 1.0–1.1 µm, while Si photodetectors are
promising for use in the optical communication field using Er-doped fiber lasers and
femtosecond optical parametric amplifiers near 1.5–2.0 µm.

Finally, we recognize the need to lower or eliminate the high DC offset-voltage in-
duced by linear absorption because of PD imperfections that limit the dynamic range
of autocorrelation function, as found in some of the commercial photoconductive detec-
tors mentioned above. Moreover, new photoconductive detectors—such as GaN and
AlGaN detectors for ultrashort pulse diagnoses in visible and/or ultraviolet wavelength
ranges—could be developed to increase the versatility and convenience of conventional
real-time autocorrelators as ultrafast oscilloscopes.
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