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E N G I N E E R I N G

Addressing gain-bandwidth trade-off by a 
monolithically integrated photovoltaic transistor
Yuanzhe Li1, Guowei Chen2, Shenghe Zhao1, Chuan Liu2*, Ni Zhao1*

The gain-bandwidth trade-off limits the development of high-performance photodetectors; i.e., the mutual re-
straint between the response speed and gain has intrinsically limited performance optimization of photomultipli-
cation phototransistors and photodiodes. Here, we show that a monolithically integrated photovoltaic transistor 
can solve this dilemma. In this structure, the photovoltage generated by the superimposed perovskite solar cell, 
acting as a float gate, is amplified by the underlying metal oxide field-effect transistor. By eliminating deep-trap 
defects through processing optimization, we achieved devices with a maximum responsivity close to 6 × 104 A/W, 
a specific detectivity (D*) of 1.06 × 1013 Jones, and an f3dB of 1.2 MHz at a low driving voltage of 3 V. As a result, a 
record gain-bandwidth product is achieved. The device further exhibits the advantage in photoplethysmography 
detection with weak illuminations, where our device accurately detects the detailed features that are out of the 
capability of conventional photodetectors.

INTRODUCTION
High-performance photodetectors are essential for applications such 
as imaging (1), optical communications (2), and biomedical moni-
toring (3). An ideal photodetector should simultaneously have high 
gain, fast response, and low power consumption. So far, most photo-
detectors have been designed on the basis of photoconductivity, 
collecting photoelectrons in the form of electric current. However, 
the biggest disadvantage of this design is that it cannot support fast 
response and large current gain at the same time. For instance, a 
typical photomultiplication phototransistor (PT) can provide a re-
sponsivity (R) of more than 105 A/W when a 3-dB bandwidth (f3dB) 
is less than 100 Hz (4) Meanwhile, f3dB of a typical photodiode (PD) 
can be close to 35 MHz, but the responsivity is less than 1 A/W (5).

One possible solution to this dilemma is a photovoltaic transistor 
(PVT) containing two modules: photovoltaic (PV) and field-effect 
transistor (FET). The key to such structure is to spatially separate 
the sensing and gain mechanisms, with the PV module responsible 
for providing a photovoltage upon light excitation and the FET 
module outputting an electrical signal with amplification. Early works 
mainly use linear PV relationships. Liu and Luryi (6) proposed a 
PVT structure by stacking asymmetric semiconductor superlattice 
on a Si FET. When the minority carrier lifetime is sufficiently short, 
the internal polarization in the superlattice can generate a photo-
voltage linear to light intensity. However, similar to other devices 
relying on linear relationships, the signal of this PVT is poor under 
low-light illumination. Another strategy is to use logarithmic PV 
relationships, which is frequently adopted in recent works. Adinolfi 
and Sargent (7) fabricated a PVT device using a rectifying hetero-
junction formed by colloidal quantum dots (CQDs) and a silicon 
active layer. Compared to the planar structure by simply connecting PV 

and FET modules via conducting wires (8), the monolithic vertical 
structure minimizes resistor-capacitor (RC) time constant and in-
creases the response speed. The photovoltage generated by the CQD/
Si interface together with the high transconductance of the silicon 
transistor results in a responsivity of more than 104 A/W and an f3dB 
of around 100 kHz. The performance under low light intensity is 
also greatly enhanced, attributed to the logarithmic light intensity–
photovoltage relationship. However, in practice, a high-performance 
CQD/Si heterojunction is difficult to form, because silicon can be 
quickly oxidized or contaminated during solution deposition of 
the CQD layer, preventing the formation of the built-in field at the 
heterojunction.

Here, we propose and demonstrate a back-illuminated PVT struc-
ture, where a solar cell is monolithically built on a transparent FET, 
with its cathode and anode serving as the control gate and floating 
gate, respectively, of the FET. Specifically, we select indium gallium zinc 
oxide (IGZO) as the active material of the FET for its high transpar-
ency in a visible–near-infrared (NIR) window (9), high mobility (10), 
low-processing temperature (thus compatibility with flexible sub-
strates) (11), and good chemical resistance to organic solvents (9). 
For the solar cell, we select perovskite as the light absorber. Per-
ovskite solar cells can be low-temperature processed (12), thus min-
imizing the damage to the underlying FET while at the same time 
providing superior PV performances, e.g., a large open-circuit volt-
age (VOC) and a high power conversion efficiency of up to 25.5% 
(13–15). Similar to organic and dye-sensitized solar cells, perovskite 
solar cells operate particularly efficiently under low-light illumina-
tion (16, 17), where commercial silicon solar cells become insuffi-
cient (18, 19).

We first theoretically illustrate the advantage of the PVT struc-
ture in maintaining high gain and large frequency at weak light in-
tensity. To obtain the predicted photodetection performance, we 
then optimize the perovskite-absorbing layer with additive modifi-
cation and surface passivation to remove deep trap states, thus en-
abling high VOC even at low light intensity and fast response speed 
(a rise time of 420 ns and a fall time of 3.3 s). As a result, the PVT 
device demonstrates a maximum responsivity close to 6 × 104A/W, 
a specific detectivity (D*) of 1.06 × 1013 Jones, and an f3dB of 1.2 MHz 
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at a low driving voltage of 3 V. By comparing our PVT with a con-
ventional PT in tracking photoplethysmogram (PPG) signals on 
fingertips, we demonstrate the unique advantage of the PVT in pre-
serving signal fidelity in weak light applications.

RESULTS
Device structure and operation model
The structure of our PVT device is illustrated in Fig. 1A. Because of 
the n-type nature of IGZO, an inverted PV cell structure is adopted 
so that the generation of a positive photovoltage at the indium tin 
oxide (ITO) anode (serving also as the floating gate of the FET) can 
trigger the accumulation of electrons in the n-channel and conse-
quently result in an amplified current flow. The control gate modula-
tion is achieved by applying an external bias voltage on the cathode 
of the solar cell while keeping the source electrode of the FET 
grounded. When used for photodetection, a control gate voltage VG 
is applied to set the work regime for the PVT and a channel voltage 
VD is used to read out the current signal.

To quantitatively analyze how the PVT structure could address 
the widely seen gain-frequency trade-off in photoconductivity- 
based photodetectors, we compare the PVT and two other common 
photodetector structures, i.e., PT and PD, in terms of responsivity 
and bandwidth, which are arguably the two most important figures 
of merit of photodetectors.

Devices with ohmic contact are discussed here for simplicity. The 
key process and physical quantities for gain or amplification, which 
determines responsivity, are distinct (illustrated in Fig. 1B): (i) For a 
PVT, the photogenerated e-h pairs in the PV cell separate the quasi- 
Fermi energy EFn and EFp and build up Voc = Eg/q + kT ln (EQE)/q, 
where Eg is the bandgap, q is the elementary charge, kT is the thermal 

energy, and the external quantum efficiency EQE can be determined 
by the density of e-h pairs (20). The built-in VOC is imposed on the 
control gate VG and modulates the drain current ID, generating elec-
trical gain. [Note that the PVT is still a three-terminal (i.e., source, 
drain, and gate terminals) device. Here, we separate the device struc-
ture into a PV module and a FET module to help illustrate the device 
operation mechanism.] (ii) For a PT (e.g., n-type), photogenerated 
holes electrostatically induce extra electrons, i.e., equivalently shift-
ing threshold voltage Vth toward negative, giving the photoelectrical 
gain. The differential of time for concentration of excess holes (∆p, 
cm−3) is simplified as d∆p/dt = G − ∆p/, where G is the average 
generation rate of e-h pairs (cm−3 s−1). The ∆p at transient and steady 
state is ∆p(t) = G[1 − exp(− t/p)] and ∆p( ∞ ) = Gp, respectively. 
The extra electrons causing ∆Vth are induced by ∆p with the con-
centration per unit area as ∆psc, where sc is the effective thickness 
(i.e., penetration depth of the light) of the semiconductor channel. 
(iii) For a PD, as the transit time t within which carriers are swept 
out of the semiconductor is usually shorter than the recombination 
lifetime  (21), the photocurrent increment as the photogain is ∆J = 
qGd, rather than ∆J = qG(n + p)ϵ as in an extra thick PD or long 
photoconductor, where n, p, and ϵ represent electron mobility, hole 
mobility, and drift electric field, respectively. The relations between 
the key physical quantities with the illumination power P are sum-
marized as follows

   V  OC   =   
 E  g  

 ─ q   +   kT ─ q   ln   
np

 ─ 
 N c  

2 
   ∝ lnP  (1)

  ∆  V  th   =   
q ∆ p

 ─  C  i  
   ≈   

q    sc   ─  C  i  
      p   G ∝    p    P      (2)

  ∆ J = qGd ∝  P      (3)

Fig. 1. Working principle of a PVT. (A) A scheme of PVT structure and working principle. (B) Comparison between working principles of different types of photodetec-
tors. DOS, density of states. (C) Comparison of the responsivity (R)–power relationship of different types of devices, where the dashed lines denote the slope of 1. (D) Illus-
tration of EQE-frequency relations for the PVT, PT, and PD.
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Here, n, p, and NC are the electron density, hole density, and ef-
fective density of conduction band, respectively; Ci is gate dielectric 
capacitance per unit area; p is the recombination lifetime for mi-
nority carriers; and d is the transit length for carriers, i.e., the thick-
ness or length of a PD or photoconductor. Constant terms , , and 
 are used here to simplify the equations, with 1 ≤  ≤ 2 depending 
on whether the monomolecular (Shockley-Read-Hall) recombina-
tion or bimolecular (Langevin) recombination dominates;  ≤ 1 and 
 ≤ 1 are related to generation and recombination processes, where 
 ≪ 1 has been found in PT and  ~ 1 has been found in defectless 
PD (i.e., 100% EQE) (21). For most of the PD with low defect den-
sity,  is also close to 1. The corresponding responsivity R = (Iph − 
Idark)/P is then

   R  PVT   =   
 g  m    V  OC  

 ─ P   ∝   
 g  m  ∣lnP∣

 ─ P    (4)

   R  PT   =   
 g  m   ∆  V  th  

 ─ P   ∝   
 g  m      p  

 ─ 
 P   1− 

    (5)

   R  PD   =   
( I  ph   −  I  dark  )

 ─ P   ∝    I  0   ─ 
 P   1− 

    (6)

Here, gm = ∂Id/∂Vg ≈ VGWCieff/L is the transconductance in the 
saturated regime of the transistor, with W and L as the channel 
width and length, respectively, and eff as the effective carrier mobil-
ity including the effect of contact resistance. For instance, eff can be 
expressed as: eff = 0/[1 + 0RCWCi(VG − Vth − VD/2)/L] (22–24), 
where RC is the sum of the source and drain contact resistances and 
0 is the intrinsic channel mobility (i.e., the carrier mobility in the 
absence of any contact resistance). This is suitable for both PVT and 
PT devices. This set of equations predicts two trends for responsiv-
ity (Fig. 1C): (i) RPVT and RPT increase substantially with decreasing 
P, whereas RPD remains almost unchanged for most of the PDs (for 
PDs with a high density of deep traps, the slope is nonzero) (25); (ii) 
the RPVT − P slope is steeper than the RPT − P slope, suggesting that 
the PVT could be very suitable for weak-light detection. According 
to Eq. 4, the large RPVT calls for a solar cell with large power conver-
sion efficiency and a transistor with large gm.

The switching speed for PVT can be approximated by f ≈ 1/
(PV + TFT), where the photovoltage cell delay PV is determined by 
the recombination rate and the transistor gate delay is TFT = CV/I. A 
detailed derivation of the frequency response is included in the Sup-
plementary Materials (fig. S1). The R and f can be optimized inde-
pendently in PVT. In comparison, large R in PD and PT is typically 
induced by traps as RPT ∝ p. One type of excess carriers (often mi-
norities) may become localized via the trapping effect of defects, 
surface states, and surface depletion region (21), while the other type 
can keep transporting in a circuit until the localized ones are ther-
mally or light-activated (detrapping) for the thereafter recombina-
tion. Such a process can substantially enhance R but lead to a slow 
recovery speed and even photopersistent current in transistors. The R 
and f3dB for different ohmic contact devices are illustrated in Fig. 1D.  
Note that the vertically integrated structure avoids the intercon-
nects and parasitic capacitance typically present in the lateral inte-
gration and therefore reduces RC delay of the device. Hence, the 
monolithic PVT integrates the advantages of large R in weak illumi-
nation, the ease for enhancing switching speed, and the small device 
footprint.

Optimization of PV module
According to the theoretical device model, a large VOC will result in 
a high responsivity. Therefore, we first seek to minimize the nonra-
diative recombination processes in the PV cell by minimizing the 
bulk and surface defects of the perovskite layer (26). In this study, 
mixed cesium (Cs)–formamidinium (FA) triiodide perovskite 
Cs0.07FA0.93PbI3 is chosen as the absorbing layer for its wide absorp-
tion window of up to the 800-nm NIR range (27, 28), which is critical 
for biomedical applications. (We note that a higher VOC can be ob-
tained by enlarging the bandgap of the perovskite but that would 
narrow the NIR detection range.) The crystal structure, optical ab-
sorption spectrum, and morphology of the perovskite film are shown 
in Fig. 2 (A to C, respectively). It can be seen that the pristine film 
exhibits moderate crystallinity with visible surface segregates.

To improve the film crystallinity and morphology, we combined 
the use of a precursor additive, cyclohexylmethyl amine (Cy), and 
post-deposition treatment by phenethylammonium iodide (PEAI) 
(see details of the processing conditions in Materials and Methods). 
Cy has previously been used to generate air-stable two-dimensional 
(2D) perovskites and shown to promote the directional growth of crys-
tal grains (29). Here, to avoid the generation of 2D phases, which 
may lower the efficiency of the PV cell, while leveraging the capabil-
ity of Cy in promoting crystal growth and moisture resistance, we 
introduced only a small amount of Cy in the perovskite precursor 
solution (1 n/n% relative to PbI2). As shown in Fig. 2A, the crystal-
linity of the perovskite film is greatly enhanced after the addition of 
Cy. Furthermore, the grain homogeneity of the perovskite film has 
also been improved as shown in the scanning electron microscopy 
(SEM) images in Fig. 2 (C and D) and fig. S2A. Such improvement 
may be associated with the influence of the molecular additive in 
changing the crystallization dynamics (e.g., growth reaction rates, 
precursor diffusion rates, etc.) of the perovskite films (30). The de-
tailed mechanism shall be explored in a separate study.

The post-deposition treatment by PEAI also improves the sur-
face morphology of the perovskite film (Fig. 2C) but does not appear 
to further enhance its crystallinity. The combination of the additive 
and surface treatments provides the most uniform and compact film 
morphology with vertically oriented grains (Fig. 2, C and D). Optical 
absorption and photoluminescence (PL) spectra of the modified sam-
ples were measured (Fig. 2B and fig. S3). The reduced Urbach energy 
(EU) [extracted from the absorption spectra (31)] and enhanced PL 
intensity of the Cy + PEAI–treated perovskite film both point to 
substantially reduced trap states in the film.

To construct the inverted (p-i-n) PV cell structure, we select nickel 
oxide (NiOx) as the hole transport layer (32) and phenyl-C61-butyric 
acid methyl ester (PC61BM) as the electron transport layer. An ul-
trathin bathocuproine (BCP) spacer layer is evaporated on top of 
the PCBM layer before deposition of the top metal electrode to re-
duce exciton quenching and enhance VOC (33). The typical current 
density–voltage (J-V) curves of the pristine and optimized devices 
are shown in Fig. 3A. It can be clearly seen that the combined Cy/
PEAI treatment has enhanced the PV cell efficiency, raising the VOC 
from 0.98 to 1.08 V under AM1.5G illumination.

The importance of the additive and surface modification be-
comes more pronounced at low light intensity, a regime that resem-
bles the designated application scenarios of such photodetectors. 
Figure 3B displays the relationship of VOC versus light intensity across 
a wide intensity range. Under the light intensity of 10−5 mW/cm2, 
the perovskite treatment results in a 45% improvement of the VOC, 
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Fig. 2. Characterizations of perovskite films. (A) X-ray diffraction patterns of perovskite films based on NiOx. a.u., arbitrary units. (B) Absorption spectra of perovskite 
films, with inset showing the Urbach energy. (C) Planar SEM images of perovskite films after different treatments, with scale bars indicating 5 m. (D) Cross-sectional SEM 
images of perovskite films after different treatments, with scale bars indicating 100 nm and dashed lines indicating interfaces.

Fig. 3. Characterizations of PV cells. (A) The J-V curve of the pristine and optimized PV cell under one-sun (102 mW/cm2) conditions. (B) VOC versus light intensity for the 
PV cells with different treatments. (C) Defect energy distribution of pristine and optimized PV cells extracted by thermal admittance spectroscopy analysis. (D) Transient 
voltage response of the optimized PV cell in open circuit under a different light intensity ( = 635 nm, 100 kHz). (E) Transient voltage response of the optimized PV cell in 
open circuit under 6.4 × 101 mW/cm2 illumination ( = 635 nm) and a different frequency.
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increasing its value from 0.38 to 0.55 V. The ideality factor (nID) 
extracted from the slope of the lines is between 1 and 2, confirming 
that the dominant recombination mechanism at the weak light re-
gime is trap-assisted recombination (34). The recombination rates 
Kr extracted from the transient photovoltage response are shown in 
fig. S5. As expected, Kr is reduced after the recombination pathways 
are partially eliminated via defect passivation. The time-resolved PL 
result also shows that the optimized sample has a longer carrier life-
time (fig. S6D). The increased time constants of both the fast (12.8 
to 63.7 ns) and slow (142.1 to 228.1 ns) decay components indicate 
the suppression of trap-assisted recombination in both the bulk and 
surface of the perovskite films (35). Last, the trap states in PV cells 
are analyzed quantitatively with thermal admittance spectroscopy 
(Fig. 3C and fig. S7). It can be clearly observed in Fig. 3C that the 
surface and additive modifications have reduced both the trap depth 
and trap density.

Next, we evaluate the photovoltage response speed of the PV cell. 
Because short-channel IGZO FETs generally exhibit fast switching 
speed due to their high field-effect mobility (36), the operation speed 
of the PVT is limited by the temporal response of the PV module. 
The transient voltage response of the optimized PV cell is shown in 
Fig. 3 (D and E), exhibiting a fast rise time r of 420 ns and a fall time 
f of 3.3 s even at a low light intensity of tens of milliwatts per 
square centimeter. The measured 3-dB bandwidth is about 0.4 MHz 
(fig. S6). Note that these results were obtained at open circuit. We 
also measured the transient current response at short circuit (fig. 
S6) under the same light excitation condition and obtained a re-
duced r of 348 ns, a f of 332 ns, and an f3dB of 1.9 MHz due to 
rapid charge recombination through the external circuit. In the PVT 
structure, the PV module is close to the open-circuit condition, but 

charge recombination could be assisted by the positively biased 
control gate and the small leakage current through the dielectric 
layer. As a result, it is expected that the 3-dB bandwidth of the PVT 
will lie in between the f3dB_open-circuit and f3dB_short-circuit of the corre-
sponding PV cell under the same light excitation.

Integration and characterization of PVT photodetectors
Because the electrical amplification of the PVT relies on the transcon-
ductance gm of the IGZO FET, we designed a large W/L ratio of 840 
(W = 25,200 m and L = 30 m) for the source and drain electrodes 
of the transistor. The optical images of the IGZO FETs are shown in 
fig. S8 (A and B), and the transfer and output characteristics of the 
device are plotted in Fig. 4A and fig. S8D, respectively. Notably, the 
IGZO transistor module is highly transparent (fig. S8C), thus allow-
ing for efficient light penetration to the PV module. The extracted 
mobility is more than 10 cm2/(V·s), and the subthreshold swing is 
around 400 mV/dec. The gm (red line in Fig. 4A) reaches its maxi-
mum around a VG of 3 V with a value of 5.38 × 10−4 S. The electrical 
gain can be tuned by VG as shown in fig. S8E.

On the basis of the optimized PV cell and IGZO FET, we mono-
lithically fabricated the PVT device (optical image shown in fig. S9A) 
through a layer-by-layer fashion as described in Materials and Meth-
ods. The threshold voltage (Vth) of the PVT is 0.73 V, slightly higher 
than the Vth of 0.70 V for the pure FET, which is probably caused by the 
annealing step during the fabrication of PV cells. The performance 
of the PV module in the PVT is characterized (fig. S9B). Although 
the fill factor of the device drops as compared to pure PV cells, due 
possibly to the low-powered sputtered ITO being less conductive than 
the commercial ITO coating, the VOC of the PV module in the PVT 
remains almost the same as those obtained from pure PV cells.

Fig. 4. Characterizations of PVTs. (A) Transfer characteristic of the IGZO FET when VD = 3 V. (B) Photoresponse of the PVT under a different light intensity ( = 635 nm, 
100 kHz) when VD = 3 V. (C) Noise current of the PVT, IGZO FET, and PV cell. (D) Frequency response of the PVT under 6.4 × 101 mW/cm2 illumination ( = 635 nm) when 
VG = 3 V. (E to G) Responsivity and detectivity of the PVT and PV cell under a different light intensity ( = 635 nm) and gate bias.
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The photoresponse of the PVT is shown in Fig. 4B. It can be seen 
that, with the increasing incident light intensity, the Vth negatively 
shifts while the off-current stays almost unchanged, suggesting that 
the anode of the PV module behaves as a float gate to the n-channel. 
This is in contrast with the photocurrent-based photodetectors, 
which show enhanced off-current upon illumination. The respon-
sivity (R)–light intensity relation of the PVT is shown in Fig. 4 
(E to G). Consistent with the theoretical model presented in the 
above section, under low light intensity, the signal of the PVT is loga-
rithmically proportional to the number of photons. For compari-
son, we also plot the R of the PV cell working as a PD detector. The 
R of the PD barely changes with reduced light intensity, in accor-
dance with Eq. 6 where  ~ 1. By contrast, the R of PVT rises fast and 
outperforms PD. As illustrated by Eq. 4, the R value can be enhanced 
with a higher gm by increasing the control gate voltage VG. In Fig. 4F, 
when the gm reaches its maximum (VG ~3 V), the PVT can outper-
form the PD even at the one-sun condition. The data are well fit by 
Eq. 4 (dashed lines in Fig. 4, E to G) and validate the proposed the-
ory except under very weak light intensity. This could be because 
the theory ignores the environmental light interference, under which 
the PV module readily generates a photovoltage and leads to a no-
ticeable reduction in Vth shift compared to theoretical prediction. 
The EQE of the fabricated PVT device is shown in fig. S9D. It can be 
seen that the EQE spectrum of the PVT has a very similar shape as 
that of its PV module, except that the former is several orders of 
magnitude larger in amplitude, which confirms that the photo-
response of the PVT is controlled by the photocarrier generation in 
the PV module. A larger VOC from the PV module is also beneficial 
for a higher R value (fig. S10).

Next, we characterize the specific detectivity D* of the photo-
detector, which represents the minimum input optical power to 
generate detectable electrical output. To quantify   D   *  =  R  √ 

_
 A   _  I  n      (A is the 

illumination area and In is the noise current density), we carefully 
measured In in a shielding metal box (Faraday cage) to prevent ex-
ternal electromagnetic interference. Both the PVT and FET devices 
exhibit a typical frequency-dependent 1/f noise (Fig. 4C and fig. S9C). 
We note that contact resistance can also dominate the transistor 
noise in certain device configurations (37). In our current IGZO tran-
sistor configuration, the effect of the contact resistance is relatively 
small (fig. S8D). Moreover, the noise of the FET module is nearly 
one order of magnitude higher than that of the PV module, while 
the difference in the noise of the PVT and FET is almost negligible. 
This result suggests that the noise of the detector originates from the 
transistor module and can be further suppressed upon reduction of 
the trap states in the transistor (38, 39).

The frequency responses of the PVT are displayed in Fig. 4D (for 
VG = 3 V) and fig. S11 (for other voltage conditions). The f3dB reach-
es 1.2 MHz at the on-state of the transistor, and, as expected, this 
value falls in between the f3dB_open-circuit and f3dB_short-circuit of the sin-
gle PV cell under the same light excitation. Note that, here, we focus 
on the frequency limit of the PV module, because typically the gate 
delay of the transistor module (~10 ns for the IGZO FET) is much 
faster than that of the PV module (~3.3 s for the PV cell). When 
other types of PV and transistor structures are used, the character-
istics of the transistor module may also play a role in limiting the 
frequency of the PVT. For instance, the source and drain contact 
resistance of a FET, i.e., Rs + Rd, may also limit the high-frequency 

operation according to   f  max,bd   ≈    f  T,bd    _____________________  
2  √ 

____________________________
   ( R  g   +  R  s   +  R  d   )  G  ds   + 2  f  T,bd    C  gd    R  g    
   (40). In 

our device, the effect of the contact resistance on the frequency is 
small (see detailed analysis in the Supplementary Materials).

Last, we compare the product of R and f3dB, i.e., the gain-band-
width product (GBP), of our devices and compare it with other types 
of photodetectors, including III-V and Si-based devices (Fig. 5). 
GBP is chosen as the figure of merit for comparison here, as it re-
flects how a photodetector is constrained from the gain-bandwidth 
trade-off. It has also been proposed as a critical parameter to evalu-
ate photodetector performance (41, 42). Here, we use gain and re-
sponsivity interchangeably, as photodetector gain scales linearly with 
responsivity. It can be clearly seen from the figure that PTs can 
achieve very high responsivity, but the response speed drops substan-
tially at large R values, as described also by Eq. 5 (RPT ∝ p but f ∝ 
1/p); accordingly, the data points of PT fall in the fourth quadrant 
of Fig. 5. On the other hand, some photoconductors and PDs exhibit a 
gigahertz bandwidth, but due to the lag of a gain mechanism, their 
R value is below 1 A/W, corresponding to the data points in the 
second quadrant of Fig. 5. The data points of the PVT structure fall 
in the first quadrant, displaying both high R and f3dB (red stars in 
Fig. 5), agreeing with the characteristics predicted by Eq. 4, and the 
GBP could be generally expressed as GBP = Rf ~ (gmVGVoc)/[P(TFT + 
p)]. We note that the CQD/Si PVT also presents both high R and 
f3dB (7), but its response speed is slower than our PVT due likely to 
the deep trap states of the CQDs limiting the response speed. The 
performance data distribution in Fig. 5 illustrates how the new PVT 
is able to surpass the benchmark in terms of R, f3dB, and their GBP.  
The separation of the photoswitching (by the PV module) and gain 
(by the FET module) functions via the float gate and control gate, 
respectively, allows for further optimization of the device perform-
ances, i.e., responsivity, noise, and bandwidth, via engineering of 
separate active layers and device modules. Note also that, compared 
to magnifying the output of a PD with an amplifier circuit, a single 
PVT device achieves the amplification function while avoiding a 
substantial increase of the device footprint and eliminating the use 

Fig. 5. Overview of performance metrics of various photodetectors. Data 
points of different photodetector structures plotted against their corresponding 
responsivity and a 3-dB bandwidth (5, 7, 51–73). Gray lines represent different GBP 
values. Data obtained from PVT (developed in this work) are represented by red stars.
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of wire connections, which reduces the parasitic capacitance, resis-
tance, and noise of the entire system.

Application of PVT in photoplethysmography
To demonstrate the benefit of high GBP in weak light applications 
(e.g., biomedical sensors), we exploit the PVT as the detection unit 
of a PPG sensor. PPG is a widely used optical approach to monitor 
vital health parameters such as heart pulsation, arterial blood pres-
sure, and blood oxygen level (43). In a typical PPG sensor, a light- 
emitting diode (LED) is used to emit light to the skin tissue, and the 
portion of the tissue-absorbed light can be dynamically monitored 
by a photodetector placed either on the same side of the LED (to 
capture back-reflected/scattered light) or on the opposite side of the 
LED (to capture transmitted light). The variation of the detected 
signal reflects the systolic and diastolic processes in an arterial pulse 
wave (Fig. 6A). For wearable applications, the light intensity of 
the LED is typically kept low to minimize the power consumption of 
the device; hence, after tissue absorption and scattering, the de-
tector unit of the PPG sensor only receives a very weak light signal.

Here, we used a reflection mode setup to measure the PPG signal 
on a fingertip (Fig. 6A). The intensity of the LED is varied to exam-
ine the signal quality under different illumination conditions. For 
comparison, a separate PPG sensor consisting of the same LED and 
a typical organic heterojunction-based (P3HT/PC61BM) PT as the 
detector is constructed. The PT has a responsivity comparable to 
that of the PVT under the same illumination (fig. S12). As shown in 
Fig. 6B, under high-power LED illumination, both sensors can col-
lect waveforms with well-defined systolic and diastolic peaks. Occa-
sionally, the diastolic peaks disappear in the organic PT-based PPG 
due to its slow response to light variation. However, when the LED 
power drops, a remarkable difference in the performance of the two 
sensors is observed: While the PVT can still reserve all the wave-
form features without distortion, the organic PT-based PPG has lost 
a substantial portion of the arterial waveform, as the slow response 
of the detector can no longer capture the dynamic change of the 
light absorption by the blood vessels. Notably, the signal fidelity of 
PPG is important to precisely extract the temporal variation of the 

systolic peaks to characterize the heart rate (44) and blood pressure 
(45) and that of the diastolic peaks (the second major peak) to esti-
mate artery stiffness (46).

DISCUSSION
In conclusion, we provide a solution to the gain-bandwidth trade-
off problem by developing a PVT structure, i.e., a monolithic inte-
grated photodetector with the photovoltage cell introducing a float 
gate on a transistor. The optical gain and electrical gain could be 
separately optimized by enlarging VOC in the PV module and in-
creasing gm in the FET module, respectively. In the meantime, the 
fast speed could also be obtained by minimizing the photovoltage 
cell delay PV (i.e., removing deep traps) and the transistor gate de-
lay TFT (i.e., enlarging gm). As such, the trade-off between gain and 
response speed (the bandwidth) could be addressed. The integrated 
PVT sets a new record for the GBP and demonstrates a high D* of 
1.06 × 1013 Jones at a small control gate voltage of 3 V. It also shows 
superior performance in detecting low light power PPG signals as 
compared to conventional detectors.

There is still great room for improvement of the PVT perform-
ance in terms of material choices and device structures. For in-
stance, by reducing the trap density and contact resistance in the 
transistor channel, the noise current of the PVT can be largely sup-
pressed. The responsivity of the PVT can be enhanced by reducing 
the channel length and using high-k materials for the gate dielectric 
layer. The spectral response and photovoltage modulation can be done 
via selection and optimization of the photoactive material. In terms 
of fabrication, one can reduce the number of layers in the PV mod-
ule by building a simple Schottky junction at the photoactive layer/
float gate interface for photovoltage generation, thus reducing the 
processing steps. In addition to the perovskite–metal oxide combi-
nation, many other material combinations can be explored. For ex-
ample, organic semiconductors are known to provide highly tunable 
electronic properties. All-organic PVTs can be made through rapid 
vacuum deposition processes or even inkjet printing, if orthogonal 
solvents for multilayer deposition can be identified. Last but not the 

Fig. 6. Photoplethysmography measurement using PVT. (A) Schematic of electrical circuits and the working principle of PPG. (B) PPG signal collected by PVT and or-
ganic PT under different light intensities. The circles highlight the diacritic notches resolvable from the waveforms.
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least, new functions, such as narrow-band detection and x-ray de-
tection, can also be explored on the basis of the PVT mechanism.

MATERIALS AND METHODS
Fabrication of perovskite solar cell
A schematic illustration of the fabrication process is shown in fig. 
S13B. The ITO-coated glass was ultrasonically cleaned with clean-
ing fluid, deionized (DI) water, acetone, isopropyl alcohol (IPA), 
and ethanol for 10 min, respectively. Before the deposition of the NiOx 
layer, ITO substrates were cleaned by ultraviolet/ozone for 30 min. 
The NiOx layer was deposited by spin coating precursor solutions of 
Li-doped NiO (LiNiO) at 6000 rpm for 30 s. The NiOx film was heated 
at 100°C for 10 min and 230°C for 1 hour in the air. The LiNiO 
precursor solution was prepared by dissolving 87 mg of Ni(NO3)2 
(Sigma-Aldrich), 28 mg of LiAc (Sigma-Aldrich), and 23 mg of CH4N2S 
(Sigma-Aldrich) in 2 ml of DI water and was stirred overnight. Twen-
ty-four microliters of FAPbI3 [1.26 M PbI2, Tokyo Chemical Industry 
(TCI) Development; 1.08 M formamidinium iodide (FAI), Greatcell 
Solar Materials; N,N′-dimethylformamide:dimethyl sulfoxide (DMF: 
DMSO) = 4:1, v/v], to which 5 volume % CsI (1.5 M in DMSO; Alfa 
Aesar) and 1% Cy (Greatcell Solar Materials) relative to PbI2 were 
added, was spun on the NiOx layer at 1000 rpm for 10 s and 
6000 rpm for 20 s in a glovebox with N2 atmosphere. The antisol-
vent of chlorobenzene (CB) was dripped at the 20th second. The 
resulting film was annealed at 110°C for 40 min. Afterward, 10 l of 
PEAI (Greatcell Solar Materials) salt solution [5 mM in IPA with 1% 
DMF and FAI (1 mg/ml)] was spin-coated onto the perovskite 
layer at 3000 rpm for 30 s. Additional DMF can dissolve the top 
perovskite and recrystallize with PEAI (47) to generate a uniform 
distribution of perovskite and passivators. The SEM images are 
shown in Fig. 2C and fig. S2B, confirming the smoothened surface. 
The new devices exhibit improved performance (fig. S3C) including 
short-circuit current ISC (fig. S4B). VOC also benefits because FAI may 
react with PbI2 and function like a self-healer for the grain boundary 
just like methylammonium iodide (MAI) (48). Twenty-two microliters 
of PC61BM (Sigma-Aldrich) solution (20 mg/ml in CB) was spin-coated 
at 2000  rpm for 30 s. Thirty microliters of BCP (Sigma-Aldrich) 
solution (saturated in IPA) was spin-coated on the PC61BM layer at 
1500 rpm for 30 s. Because the solution of BCP is IPA, which is cor-
rosive to perovskite film, a dynamic spin-coating method should 
be adopted (49). Last, an Ag electrode (70 nm) was deposited by 
thermal evaporation under a high vacuum. The above processes were 
also carried out in a glovebox with N2 atmosphere.

Fabrication of FETs
A schematic illustration of the fabrication process is shown in fig. 
S13C. The amorphous IGZO (a-IGZO) TFTs were fabricated on a 
glass substrate, which was cleaned with acetone, ethanol, and DI 
water. SiO2 as a buffer layer to improve the surface morphology was 
deposited by plasma-enhanced chemical vapor deposition (PECVD) 
at 350°C with a mixed gas of silane and N2O. A 40-nm-thick a-IGZO 
film was deposited at room temperature, using a sputter with O2 
and Ar, patterned by photolithography, and wet-etched by hydro-
chloric acid. The electrodes were fabricated by depositing a 60-nm-
thick Mo layer. Gate insulator (SiO2) was also deposited by PECVD 
at 180°C. The top gate (ITO) was fabricated by a sputter with Ar. The 
electrodes and top gate were defined by the lift-off process. Last, the 
devices were annealed at 350°C for 1.5 hours.

Fabrication of integrated PVT
The top electrode of the IGZO transistor was used to replace the 
ITO glass in the above PV cell fabrication steps. The electrode area 
of IGZO transistors was protected by tape during spin coating to 
prevent being short-circuited. The final device was encapsulated by 
a photosensitive resin to ensure stable operation in the air.

Characterizations
The transfer and output characterizations were conducted by a 
Keithley 4200 sourcemeter under dark conditions. For noise current 
spectral density, devices were powered by batteries and measured by 
a fast Fourier transform spectrum analyzer (SR760) in a metal shield-
ing box after 5 min of stressing. For transient response, devices were 
powered by a Keithley 2612 sourcemeter and connected to an oscil-
loscope (Tektronix TDS3014C) via a high-speed current amplifier 
(Femto DHPCA-100). Laser (Newport LQA635) modulated with a 
function generator (Agilent 33210A) was chosen as the light source. 
The PPG signal was collected using a Keithley 2612 sourcemeter and 
controlled by a LabVIEW program on the computer.

Thermal admittance spectroscopy
The capacitance of samples is measured at various temperatures 
(T = 200 to 340 K) in the dark from 102 to 106 Hz (fig. S7, A and B). 
The DC bias is zero and the AC voltage is 30 mV during the mea-
surement. The transition frequency is decided by taking the deriva-
tive of the capacitance spectra. The corresponding Arrhenius plots 
are plotted to calculate the activation energy Ea (fig. S7C). The Mott- 
Schottky analysis is carried out at a frequency of 1 kHz to extract 
built-in voltage Vbi and depletion width Wd (fig. S7D). Last, the en-
ergetic defect distribution is calculated using the equation (50)

   N  T  ( E     ) = −    V  bi   ─ q  W  d       
dC ─ d

      ─ kT    

where C is the capacitance,  is the frequency, T is the temperature, 
and E is the converted energy from frequency.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0187
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