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Abstract: We study the photoconductive effect of a p-i-p micro-heater 
integrated in a microring resonator. Due to the surface state absorption 
(SSA) and two photon absorption (TPA) of optical wave around 1550 nm, 
free carriers are generated in the silicon waveguide, leading to the 
modulation of silicon conductivity and thus the current flowing through it. 
The current-voltage (I-V) response of the p-i-p diode is dependent on the 
bias voltage and can be divided into ohmic-law regime and space-charge-
limited regime. The resonance peak current is more sensitive to optical 
power in the ohmic-law regime. Such a phenomenon can also be utilized to 
monitor the optical power in the waveguide. 
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1. Introduction 

Silicon photonics provides the solution for compact and low-cost optical components 
compatible with complementary metal-oxide-semiconductor (CMOS) circuitry [1, 2]. 
Multiple basic optical functions have been demonstrated on silicon-on-insulator substrate in 
recent years, making a great impact on telecom and datacom [3–5]. Silicon has an indirect 
bandgap of 1.12 eV, making it transparent in the telecom wavelength around 1.31 and 1.55 
μm. Silicon can make low-loss optical waveguides and versatile passive devices. To make 
these devices tunable or reconfigurable, active tuning elements have to be integrated with 
them. The two basic mechanisms that are commonly used to change the refractive index of 
silicon are based on the free-carrier plasma dispersion (FCD) effect and thermo-optic (TO) 
effect. The former one has a relatively fast tuning speed yet the tuning range is limited by the 
accompanied free-carrier absorption (FCA) loss. It is routinely used in the form of p-n or p-i-
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n diode for high-speed silicon optical modulators [6–9]. The latter one, on the other hand, has 
slow response but the tuning range is relatively large due to the large TO coefficient of 
silicon, making it suitable for devices where high speed response is not a must, like filters 
[10, 11], switches [12], delay lines [13] etc. To make a micro-heater compatible with CMOS 
fabrication techniques, the selectable materials are basically limited to three types: metal, 
silicide, and silicon [14]. Metal has high absorption loss and hence it cannot be positioned too 
close to the waveguide. Heater lines are usually made of high resistivity metals like tungsten 
(W) [15], titanium (Ti) [11, 16], and titanium nitride (TiN) [12, 17]. Silicide is formed by the 
chemical reaction between silicon and metal, which is used to make good contact and 
improve adhesion in CMOS circuits. Heater lines made of silicide and highly doped silicon 
can be put beside the waveguide to reduce the interaction distance. 

Recently, we reported to use a p-i-p diode to tune the microring filter, where the generated 
heat has intimate contact with the silicon waveguide in favor of thermal tuning [18]. In fact, 
the p-i-p diode exhibits double-junction features, distinct from a simple resistor. As the 
silicon waveguide composes the quasi-intrinsic region of the p-i-p diode, free carriers 
generated by photon absorption can modify the electrical behavior of the diode, which in turn 
affects the thermal effect. Surface state absorption (SSA) and defect-enabled mid-bandgap 
absorption (MBA) are the linear photon absorption mechanisms commonly employed for all-
silicon near-infrared optical detection [19]. Besides that, nonlinear absorption namely two-
photon absorption (TPA) also plays a significant role if the optical power is high. Compared 
to direct inter-band photon absorption, the photocurrent generated in silicon by the above 
three mechanisms is usually weak. Resonances can greatly enhance the optical power inside 
the cavity, which has been proved to be an effective way to amplify the weak photocurrent 
[20, 21]. 

In this paper, we investigate the photoconductive effect of the p-i-p diode and reveal that 
the current through the junction can be varied by the light propagating in it. This effect is 
magnified by the microring resonance. Such study is important to understand the interplay 
between the optical absorption and thermal heating both occurring in the p-i-p diode. In 
addition, as the current reflects the optical power in the waveguide, it can also be utilized for 
monitoring purpose, similar to that provided by p-n or p-i-n junctions in silicon [20–23]. 

2. Device structure 

Figure 1(a) shows the microscope image of the microring resonator integrated with a p-i-p 
diode. The microring resonator radius is 10 μm. The separation gap between the microring 
and the bus waveguides is 200 nm. Grating couplers are used for input/output coupling. 
Figure 1(b) illustrates the schematic cross-section of the p-i-p diode. The silicon waveguide 
width is 450 nm and height 220 nm. The etched depth of the waveguide is 160 nm with a 60 
nm slab left to form the lateral p-i-p diode. The two 3-μm-wide p-type doped regions have a 
doping concentration of 1020 cm−3, separated from the waveguide edges by 0.6 μm. The 
aluminum metal connection wires have ohmic contact with the two highly doped regions. The 
silicon waveguide has a light p-type doping of 1015 cm−3 from the original silicon-on-insulator 
(SOI) wafer. The divacancies and interstitial defect densities are low in the waveguide region, 
and thus the MBA effect can be neglected in the p-i-p diode. In our design, the p-type doping 
is wrapped around the entire microring resonator including the waveguide coupling regions, 
and therefore, there is photoconductive effect even at off-resonance when no light is coupled 
into the ring resonator. 

The device was fabricated using deep ultra-violet (DUV) photolithography and plasma 
dry etch, resulting in waveguide sidewall root-mean-square roughness of a few nm’s. The 
rough sidewalls cause waveguide scattering loss, but on the other side, also provide more 
surface states in favor of photon absorption. It should be noted that due to the discontinuity of 
material permittivity, the electric field is considerably enhanced near the vertical surface for 
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transverse-electric (TE) polarization mode. The maximum of the mode intensity locates 
exactly at the waveguide sidewalls. 

 

Fig. 1. (a) Optical microscope image of the fabricated p-i-p diode embedded microring 
resonator. (b) Schematic cross-section of the p-i-p diode. The critical dimensions are labeled. 

3. Theoretical analysis 

The p-i-p diode has two junctions, with left side being p-i junction and right side i-p junction. 
Unlike p-n-p bipolar transistor where the two depletion regions are separated by the central n-
type base region [24], the junctions in the p-i-p diode can be easily punched through with a 
small bias due to the hole injection in the base. The holes in the base region are composed of 
two parts: background doping and external injection. The current-voltage (I-V) characteristic 
of the p-i-p diode is dependent on the bias level and can be divided into two regimes. In the 
low-bias limit, the injected hole concentration is much lower than the background intrinsic 
doping. In this case, the barrier height at the left p-i junction remains almost unchanged and 
the p-i-p diode works as a resistor. Its I-V curve obeys Ohm’s law to have linear dependence. 
In the high-bias limit, the behavior of the I-V curve is quite different. Once the bias is high 
enough such that the injected holes exceed the background density, the space-charge-limited 
current applies. In this case, there is a large current through the p-i-p diode and the current 
density is given by the Mott-Gurney law [24]: 
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where V is the bias voltage, W is the width of the quasi-intrinsic region, μ is the mobility of 
hole, εsi is the dielectric constant of silicon, and ε0 is the permittivity in vacuum. It can be seen 
that in this regime the current has a quadratic dependence on voltage. The transition between 
the linear and parabolic regimes occurs at a threshold voltage given by [25] 
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where q is the electric charge, p0 is the background doping concentration. Substituting the 
device parameters into the above equation, we get Vth ≈3.7 V for our p-i-p diode. 

Figures 2(a) and 2(b) show the energy band diagrams of the p-i-p diode at 1V and 8V, 
respectively. The simulation is based on the two-dimensional simulation package, ATLAS 
from SILVACO. It simulates the electrical characteristics of semiconductor devices by 
solving the Poisson’s and charge continuity equations for electrons and holes. In our 
simulation, the device parameters are the same with our fabricated device. The bias voltage is 
applied to the left electrode with respective to the right. The base region is floating. It can be 
seen that the potential is mostly dropped on the right i-p junction. There is a barrier for holes 
at the left p-i junction, which is formed entirely by the mobile holes injected into the base 
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region [26]. The increase in bias voltage both lowers the barrier and moves its position 
towards the left contact (emitter). The electric field is relatively flat in the base region at low 
bias, while it increases dramatically in the vicinity of right junction at high bias as seen from 
Fig. 2(c). The rise of electric field originates from the accumulation of space charges in the 
base. 

 

Fig. 2. (a) and (b) Energy-band diagrams along the p-i-p diode at (a) 1V and (b) 8V biases. (c) 
Electric field distribution in the p-i-p diode at various biases. 

Due to the presence of the SSA and TPA effects, the I-V characteristics can be modified 
by the optical power in the p-i-p diode. At the low optical power level, the SSA takes the 
leading role. The SSA effect originates from the electronic surface states in the forbidden 
band gap of silicon. Because of these surface states, the optical absorption on the silicon 
waveguide surface extends to energies lower than the band edge [27, 28]. As a consequence, 
light traveling in a sub-micrometer silicon waveguide is partially absorbed and converted to 
free-carriers at the waveguide surface. Surface states are located within the first three or four 
atomic layers from the surface. At the surface, there are several transition processes, including 
the transition between bands of surface states in the silicon band gap, transition from the 
silicon valence band to an empty surface state band in the gap, transition from a filled surface 
state band in the gap to empty silicon conduction band [19]. Theoretical calculations and 
optical measurements show that there exist two bands for the surface states, and the number 
of states per unit area is 2.6 × 1015 states/cm2 on clean silicon surfaces [29, 30]. With the 
increase in optical power, the TPA takes effect, which scales with the square of light 
intensity. The free carrier generation rate due to SSA and TPA can be expressed as 

 
2

2

1

2opt SSA TPA
eff eff

P P
G

A A hc

λα β
 

= +  
 

 (3) 

Where αSSA and βTPA are the SSA and TPA coefficients respectively, P is the optical power in 
the ring waveguide, Aeff is the waveguide effective area, λ is the wavelength of light in 
vacuum, h is the Planck’s constant, and c is the speed of light in vacuum. Here we can assume 
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the optical power in the ring waveguide is constant since the absorbed optical power only 
accounts for a small part. Chiarotti et al. measured the optical absorption due to surface state 
[31]. The maximum absorption occurs for photon energy between 0.4 and 0.5 eV. At 1.55 um 
wavelength, the absorption constant in silicon is ~5 × 10−3 for a two dimensional structure. 
The SSA coefficient αSSA is 0.18 cm−1, estimated from responsivity measurement [32]. The 
reported silicon TPA coefficient βTPA in literature has an averaged value of about 0.6 cm/GW 
[33]. At steady state, the carrier generation rate is equal to the recombination rate, and thus 
the excess carrier concentration is given by 

 optn p G τΔ = Δ =  (4) 

where τ is the carrier lifetime. The carrier lifetime is significantly affected by the surface 
recombination rate and is waveguide dimension dependent. It is in the order of ns for the sub-
micrometer silicon waveguide [34]. The waveguide effective area of the fundamental TE 
mode is 0.12 μm2 at 1.55 μm. From (3) and (4), the estimated excess free carrier 
concentration at 10 mW optical power is 3.5 × 1016 cm−3 (assuming τ = 3 ns), which is mainly 
contributed by the SSA effect. 

The generation of free carriers changes the conductivity of the base region. The 
conductivity is expressed as 

 ( )0n pq n q p pσ μ μ= Δ + + Δ  (5) 

where μn and μp are the electron and hole mobilities, respectively. In the linear regime, as the 
original hole concentration is low, photon generation has a more significant effect on the 
current density. On the contrary, in the parabolic regime, as injected holes (space charge) 
have already reached a high concentration level, photon generation has a relatively 
insignificant effect. It suggests the current in the p-i-p diode is more sensitive to optical power 
under a low bias. 

Lastly we have to take into consideration of the microring resonance effect. The 
normalized through-port optical power transmission function of the microring add-drop filter 
can be derived from the transfer matrix approach and is given by [35] 

 
( )

2 2 2
2 1 2 1
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1 2 1 2

2 cos
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where t1 and t2 are the field transmission coefficients of the input and output couplers 
respectively, a is the loss factor of the resonator, and φ is the light one-round trip phase 
change in the resonator. In our device the coupling is symmetric, i.e., t1 = t2 = t. On resonance 
high optical power is built-up inside the resonator, which magnifies the photoconductive 
effect in the p-i-p diode. The build-up factor, defined as the optical power ratio between the 
resonator and the input waveguide, is given by 

 
( )
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2 2 2

22 2
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1 2 cos

t t a
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t a t aφ

−
=

− +
 (7) 

4. Experiment 

We first measure the TE-polarized transmission spectrum of the microring resonator as shown 
in Fig. 3(a). No bias is applied on the p-i-p diode. The background transmission envelop is 
caused by the grating couplers. The resonance free spectral range (FSR) is 9.6 nm, the quality 
factor is Q ≈104, and the extinction ratio is 21 dB. From curve fitting to the measured 
spectrum using Eq. (6) as shown in Fig. 3(b), we get t = 0.97 and a = 0.996 (corresponding to 
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~5.5 dB/cm waveguide loss). The inset of Fig. 3(b) shows the build-up factor versus 
wavelength. It reaches the maximum of 14 on resonance. 

 

Fig. 3. (a) Measured transmission spectrum of the microring resonator. (b) Fitting of the 
resonance spectrum with theoretical modeling. (c) and (d) Measured current as a function of 
wavelength at various optical power levels. The bias voltage Vd is 1V in (c) and 7 V in (d). 

Next, we measure the current as a function of wavelength around 1554.8 nm resonance for 
various optical powers at 1V bias as shown in Fig. 3(c). The power value refers to the 
estimated coupled power in the bus waveguide by subtracting the grating coupling loss from 
the input fiber power. It can be seen that the current is considerably increased near resonance 
wavelength. The increment is more pronounced when the optical power is high. The peak 
wavelength slightly redshifts with the increasing optical power, indicating more heat is 
generated inside the microring resonator. Figure 3(d) shows the current as a function of 
wavelength when the bias voltage is leveled up to 7 V. Compared to the low-bias case, the 
measured current is much higher at both off- and on-resonance wavelengths. Two 
observations can be made with regard to the current peak: first, the peak becomes asymmetric 
inclining towards the longer wavelength side; second, the peak is also broadened. For 
example, the full-width-half-maximum (FWHM) of the peak is ~0.13 nm at 1 V bias and 
541.8 μW optical power, while it increases to ~0.35 nm at 7 V with the same power level. 
The asymmetric current peak comes from the modulation of silicon resistance by the optical 
power in the ring waveguide. Due to SSA and TPA effects, free carriers are generated by 
optical wave. The free carrier concentration and thus silicon conductivity is proportional to 
the optical power level. Hence, higher intra-cavity optical power near resonance results in a 
lower resistance of the silicon waveguide. According to the ohm’s law, more heat is generated 
under a constant voltage, which in turn leads to a further redshift of the resonance. As a 
consequence, the current peak is skewed towards the longer wavelength side, similar to the 
thermal nonlinear effect observed in passive resonators [36]. Such an effect is useful for 
bitable and logic switch. With external thermal feeding using our p-i-p diode, the required 
optical power to generate the thermal nonlinearity is reduced, as evident from the comparison 
of Figs. 3(c) and 3(d). 
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To more clearly show the dependence of the resonance-enhanced current on bias voltage, 
we also measure the current as a function of wavelength at other bias voltages. The extracted 
peak wavelength and current values (off- and on-resonances) are shown in Fig. 4. The peak 
wavelength red-shifts with the increasing optical power (more significant at high bias). It can 
be noticed that the wavelength curves for 1 V and 3V are almost overlapped, implying the 
heat generation is at the same level independent of the bias. There are two mechanisms for 
heat generation inside the microring resonator. The first one is optical heating as photons are 
partially absorbed by the silicon waveguide raising the temperature; the second one is 
resistive heating when current flows through the silicon waveguide. As discussed above, 
higher optical power results in a lower resistance due to the photoconductive effect. 
Therefore, heating from both mechanisms increases with optical power. Figure 3(a) suggests 
that at low bias (<3V), optical heating exceeds resistive heating, thereby changing bias has 
almost no effect on overall wavelength shift. As resistive heating has quadratic dependence 
on bias voltage, wavelength red-shifts faster once resistive heating dominates optical heating 
(>3V). 

Because the intra-cavity optical power is maximally enhanced on resonance, the current 
also reaches the maximum at the resonance wavelength. From Figs. 3(b) and 3(c), we can see 
that the logarithm of current value changes almost linearly with the optical power. The on-
resonance current curves have a slightly larger slope. Both change rates decrease with the bias 
voltage. For example, the on-resonance current increases 90 times (from 0.1 μA to 9 μA) 
when the optical power increases from 34.2 μW to 859 μW at 1 V. In contrast, the current 
increment is reduced to 1.7 times (from 277 μA to 476 μA) at 9 V. It indicates that such 
photoconductive current is more sensitive to optical power at low bias. The photogenerated 
free carriers change the base conductivity considerably if the p-i-p diode works in the ohmic-
law regime. According to the theoretical analysis in the previous section, the conductivity of 
the base region is linearly proportional to the optical power. In the measurement range, the 
conductivity should increases 22 times according to the theoretical model. It lies in between 
the measured values at 1V (90 times) and 3V (16 times). The discrepancy at the low voltage 
is probably because of the weak junction feature of the p-i-p diode in the ohmic-law regime. 
It tends to behave like a phototransistor rather than a pure resistor to provide some current 
gain. The current increment rate reduces at the high voltage as the space-charge-limited 
current gradually dominates. 

 

Fig. 4. (a) Current peak wavelength versus waveguide coupled optical power for various bias 
voltages. (b) and (c) Measured photoconductive current versus optical power. (b) is at the off-
resonance (1554 nm) wavelength, and (c) is at the on-resonance (current peak) wavelength. 
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Figure 5 shows the measured peak current changes nonlinearly with the bias voltage. 
After the bias exceeds a certain value (approximately 4 V), current changes more rapidly with 
voltage as it enters the space-charge-limited regime. Although the current is high in this 
regime, the optical power has less effect compared to the low-bias ohmic-law regime in terms 
of current increment ratio. The peak current can be an indication of the resonance optical 
power the microring resonator, which can be utilized for optical monitors as one application. 

 

Fig. 5. Peak current-voltage curves of the p-i-p diode for various optical power levels. 

5. Conclusion 

We theoretically analyzed and experimentally explored the I-V characteristics of a p-i-p diode 
embedded in a microring resonator. Optical power in the resonator has a great impact on the 
I-V curve. The increment of current in response to the optical power is dependent on the bias 
voltage, being more significant towards the low-bias end. This study is important to 
understand the basic operation of a p-i-p micro-heater when optical wave is transmitted 
through. In addition, the high sensitivity of the low-bias current to optical power together with 
the wavelength selectivity of the microring resonator can be used to monitor a particular 
wavelength channel in the bus waveguide. 
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