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ABSTRACT 

 
This paper surveys recent work in several photodetector areas including high-speed, low-noise avalanche 
photodiodes, high-power photodiodes, solar-blind ultra-violet PIN photodiodes, and quantum dot infrared 
photodetectors (QDIPs). 
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1. SOLAR-BLIND ULTRA-VIOLET PHOTODIODES 
 
Recently the development of AlxGa1-xN wide-bandgap semiconductor devices for ultraviolet (UV) photon 

detection has been the subject of intense 
research [1]. The advantages of this 
material system include wide-bandgap, 
chemical stability, high breakdown 
fields, and the potential for high-
temperature device operation [2]. 
AlGaN photodetectors have potential 
applications in chemical sensing, flame 
detection, ozone-hole sensing, secure 
short-range communication, and missile 
plume sensing [3-6]. Strong 
atmospheric absorption of sunlight, in a 
narrow UV band from 240-290nm, 
creates a low background radiation 
regime at the Earth’s surface.  Recently, 
many photodetectors have been 
designed to operate in this wavelength 
range, which is referred to as the “solar-
blind” region [7-10]. For array 
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Figure 1. Schematic cross section of a AlxGa1-xN solar-blind photodiode.
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applications, photodetectors are designed to be back-illuminated in order to facilitate flip-chip mounting of 
the arrays to silicon readout circuits [5,6]. Devices that work at the low biases of traditional silicon readout 
circuitry are desirable.  In addition, a low operating voltage will allow one to take advantage of the large 
differential resistance near zero-bias leading to large detectivities.   
 
A schematic of the solar-blind photodetector is shown in Fig. 1. Device layers for the p-i-n structure 
consists of an 80 nm-thick Al0.60Ga0.40N n+-layer, a 150 nm-thick Al0.45Ga0.55N unintentionally doped (Nd ≈ 
1015 cm-3) absorption region, a 10 nm-thick Al0.45Ga0.55N p-layer, whose function is to pin the depletion 
region and keep it from extending into the cap layer, a 20 nm-thick graded Al0.45Ga0.55N to GaN p-layer, 
and a 25 nm-thick p-GaN contact layer.  A GaN cap layer is used to improve the p-contact; the 
GaN/AlGaN heterojunction blocks photogenerated electrons in the cap layer from diffusing into the i-
region [11].  
 
The external quantum efficiency at different reverse bias voltages and the zero-bias responsivity is plotted 
in Fig. 2.  The difference in the aluminum percentage of the n-layer and i-layer was kept as large as 

possible while still maintaining a solar-
blind response.  This aluminum 
percentage difference insures good 
transmission to the i-layer resulting in a 
spectral response with 20 nm FWHM.  
The peak zero-bias external quantum 
efficiency was ~53% at 275 nm which 
increased to ~58% at a reverse bias of 5V, 
corresponding to peak responsivities of 
0.12 A/W and 0.13 A/W, respectively.  
The external quantum efficiency reached a 
plateau at a value of ~60% at a reverse 
bias of 10V.  Figure 2 shows that by 300 
nm the responsivity dropped by three 
orders of magnitude from its peak value.  
The long-wavelength response that was 
visible in previous devices is absent [12].    
 
The dark current density was 8.2×10-11 
A/cm2 at a reverse bias of 5V and 
increased only slightly to 1.5×10-9 A/cm2 

at 10V.  When back-illuminated with a broadband UV light source, there was a strong, flat photoresponse.  
In forward bias, the current density was 17 A/cm2 at 10V.  The series resistance, RS = 360 Ω, was estimated 
by plotting I(dV/dI) vs. I as described in Ref. [3].  We attribute the low forward resistance to good ohmic 
contacts and conductive p-type GaN, p-type Al0.45Ga0.55N, and n-type Al0.6Ga0.4N layers. Since these 
devices operate in the solar-blind region where the background radiation is very low, it is assumed that 
thermal noise is dominant.  For this case, the specific detectivity, D*, can be calculated from the differential 
resistance RO, the device area A, and the zero-bias responsivity Rλ[1,12,13].  The differential resistance RO, 
is related to the dark current and increases as the dark current decreases [12].  In order to calculate the 
differential resistance, a previously described method of exponential curve fitting to the dark current was 
used [14].  The derivative of the fitted curve at zero-bias yielded a differential resistance of RO = 2.51×1014 

Ω.  Using the device diameter of 250 µm, the value of ROA was 1.23 ×1011 Ω·cm2. These parameters yield 
a value of D* = 3.0×1014 cm·Hz1/2·W-1 at λ = 275 nm.  We note that this detectivity is comparable to the 
detectivity of the photocathode of a photomultiplier tube [1]. 
 

2. AVALANCHE PHOTODIODES 
 
2.1 Long-wavelength, impact-ionization-engineered avalanche photodiodes 
Avalanche photodiodes (APD) are frequently the photodetectors of choice in high-bit-rate, long-haul fiber 
optic communication systems due to their internal gain.  APDs can achieve 5-10 dB higher sensitivity than 
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Figure 2. External quantum efficiency vs. wavelength for a solar-
blind detector showing a 275 nm zero-bias peak of 53%.  The 
right axis shows the corresponding zero-bias responsivity of 0.12 
A/W at 275 nm. 
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PINs, provided that the multiplication noise is low and the gain-bandwidth product of the APD is 
sufficiently high. In determining its gain, multiplication noise, and the gain-bandwidth product, the 
multiplication region of an APD plays a critical role. Sub-micron scaling [15-24] of the thickness of the 
multiplication region has been found to give lower multiplication noise and higher gain-bandwidth products 
in APDs. This is due to the non-local nature of impact ionization, which can be neglected if the thickness of 
the multiplication region is much greater than the “dead length”, which is the minimum distance carriers 
travel to gain sufficient energy to impact ionize. We have demonstrated that Impact-Ionization-Engineering 
(I2E) [25-28] of the multiplication region of an APD can achieve very low-noise by utilizing beneficially 
designed heterostructures. Monte Carlo simulation [29] has revealed spatial modulation of the carrier 
impact ionization process in the I2E structures. 

 
Owing to the relatively mature growth technology and the well-documented material characteristics of 

AlxGa1-xAs, GaAs/AlxGa1-xAs 
heterojunctions were used to 
study the transport 
mechanisms in the I2E 
structures in Ref. 25 to 28. 
Recently, we have extended 
this concept to operation at 
longer wavelengths by growth 
of I2E structures using InAlAs 
and InGaAlAs in the 
multiplication regions. These 
structures were chosen based 
on the following: 1) they 
worked well in lowering the 

excess noise factor in the 
GaAs/AlGaAs material 
system, and 2) like AlGaAs, 

the InGaAlAs quaternary materials have a relatively wide range of band gap energies. Compared to 
homojunction InAlAs and InP APDs, lower excess noise and comparable dark current have been achieved. 
Figure 3 shows the device cross-sectional view for the InP-based I2E APDs. Owing to the larger ionization 
coefficients of the electrons relative to holes, a p-“i”-n structure and top-illumination were adapted to 
ensure pure electron injection: the unintentionally doped multiplication region structure was sandwiched 
between p-type (3x1018 cm-3, 0.8 µm) and n-type (5x1018 cm-3, 0.5 µm) In0.52Al0.48As layers, with a highly 
p-doped (>5x1018 cm-3, ~30 nm) In0.53Ga0.47As contact layer.  
 
Shown in Fig. 4 are the two I2E multiplication region structures designed on InP-substrates. A single-well 

Figure 3. Schematic cross-section of the I2E APD structure. 
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Figure 4(a). Schematics and energy band diagrams of the 
single-well structure. 

Figure 4(b). Schematics and energy band diagrams of the graded 
structure. 
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structure, as shown in Fig. 4(a), consisted of a 100nm-thick In0.52Al0.48As layer at the p-side followed by a 
100nm-thick In0.52Ga0.15Al0.33As quaternary layer. The lower band gap energy of In0.52Ga0.15Al0.33As 
(estimated to be ~1.25 eV [30]) as compared to In0.52Al0.48As results in a lower carrier ionization threshold 
energy (Eth). There are relatively few ionization events in the In0.52Al0.48As layer, owing to the combined 
effects of “dead space” [31] and the higher threshold energy in In0.52Al0.48As. Once the electrons reach the 
In0.52Ga0.15Al0.33As layer, they tend to ionize quickly because it has a lower threshold energy and the 
electrons have gained energy in the In0.52Al0.48As portion of the multiplication region [28]. The secondary 
hole ionization rate also peaks in the In0.52Ga0.15Al0.33As well. However, after these secondary holes lose 
energy through impact ionization in the well region, their ionization probability is low in the In0.52Al0.48As 
region due to its higher hole-ionization threshold energy.  This significantly reduced the number of 
secondary hole ionization events. Therefore, in this single-well structure, both electron and hole ionization 
are expected to be localized in the In0.52Ga0.15Al0.33As well, while the ionization of both carrier types are 
suppressed in the In0.52Al0.48As layer. The increased localization of the multiplication process relative to 
homojunction APDs is the origin of the low excess noise characteristics.  
 
The structure shown in Fig. 4(b) was implemented on an InP-substrate using lattice-matched InAlGaAs 
quaternary materials as the multiplication region, based on a similar structure in AlxGa1-xAs/GaAs that was 
reported in Ref. [27]. Utilizing the decreasing band gap energies (thus decreasing ionization threshold 

energies) in In0.52Ga0.48-yAlyAs with decreasing 
Al content [30], the structure consisted of an 
80-nm In0.52Al0.48As layer followed by layers of 
60-nm In0.52Ga0.05Al0.43As, 40-nm 
In0.52Ga0.10Al0.38As, and 70-nm 
In0.52Ga0.15Al0.33As. The “graded” layer 
thickness were selected to decrease with 
decreasing bandgap energy because the dead 
space decreases with Eg.  As discussed in detail 
in Ref. [27], the ionization events for electrons 
are expected to localize in the low-Eth layers, 
while the ionization of the secondary holes can 
be suppressed because the holes enter materials 
with increasing ionization threshold energies as 
they travel toward the p-region.  

 
The excess noise factors, F(M), of the three 
structures were measured using a HP8970B 
noise figure meter with a standard noise 
source. The measurement bandwidth was 
4MHz. An Argon ultra-violet laser was used to 

ensure pure electron injection conditions in the gain and noise measurements. Plotted in Fig. 5 are the 
excess noise factor curves for the three structures; theoretical curves based on local-field theory [32] are 
also plotted for reference purpose. Both the single-well structure and the graded-structure have an excess 
noise level that corresponds to an effective k [32] of ~0.1, which is well below that of the homojunction 
200-nm In0.52Al0.48As (keff ~0.2 to 0.3). It is also much lower than that of commercial InP/InGaAs APDs 
(keff ~0.4 to 0.5 shown as shaded region in the figure).  

  
2.2 Large-area avalanche photodiodes 
Much of the recent research on APDs has focused on achieving higher gain-bandwidth products to 
accommodate the ever-increasing bit rates of fiber-optic systems. For this application, small device size is 
preferred in order to reduce the RC time constant. On the other hand, emerging optical measurement 
systems that operate in the eye-safety wavelength range (~1.5µm) require long-wavelength, high-sensitivity 
photodiodes with large detection area. For many applications of this type an APD is preferable to a p-i-n 
photodiode since the internal gain of the APD affords higher sensitivity.  
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Similar material uniformity is required by three-dimensional infrared imaging systems, which utilize APD 
arrays that operate in the short wavelength infrared (SWIR) range (0.8µm≤λ≤2.2µm) and have gigahertz 
bandwidths [33]. Both applications present stringent challenges to the quality and uniformity of the 
epitaxial layers from which the APDs are fabricated. In addition, passivation of the InP-based material is 
critical. If large defect densities are created during material growth (MBE or MOCVD), the bulk leakage 

current will be high, severe micro-plasma-induced speed degradation will result [34], and the device 
reliability for large-area APDs and arrays will suffer [35]. From a processing point of view, the quality of 
device passivation is critical if low dark currents are to be achieved [36]. In this paper, we describe 
In0.53Ga0.47As/In0.52Al0.48As long-wavelength APDs with mesa diameter up to 500µm. The multiplied dark 
current density was  ~2.5×10-2 nA/µm2 at 90% of breakdown. An 18 × 18 APD array has also been 
demonstrated with the same InP-based material. This APD array exhibited uniform distributions of 

breakdown voltage, dark current, and multiplication gain. The APDs in the array demonstrated bandwidth 

of ~8GHz at low gains and a gain-bandwidth product of ~120 GHz. 
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Figure 6. Device structure for large-area APDs and arrays. 
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The separate absorption, charge, and multiplication (SACM) structure that was utilized for the large-area 
APDs and arrays is shown in Figure 6. With proper design this structure exhibits low dark current, low 
multiplication noise, and high speed [21,37-40]. The typical photoresponse and dark current curves of a 
500µm-diameter APD are shown in Figure 7. The punch-through voltage was ~15.0V and the breakdown 
voltage was ~39.2V. The photocurrent was not flat above the punch-through voltage, an indication that gain 
has been achieved prior to punch-through [34]. In order to estimate the gain, the external quantum 
efficiency was measured [41] at different biases above punch-through. For bias voltage of 16.0V, the APD 
is clearly beyond punch-through and the external quantum efficiency was ~85% at the wavelength of 
1.55µm, which is much higher than that of previous APD array devices [41], where the unity-gain external 
quantum efficiency was ~45% at 1.55µm. The only difference between these device structures was the 
charge layer doping level; the large-area APD device has ~1.85 times higher Be doping concentration in the 
charge layer. This APD array result can be utilized as a reliable reference for unity-gain quantum efficiency 
since the APD array device in Ref. [41] exhibited very flat photoresponse after punch-through and no 
obvious gain-enhanced quantum efficiency was observed. Based on this reference the gain at bias voltage 
of 16.0V can be estimated as ≥1.8. The assertion of gain at punch-through can be also corroborated by an 
estimate of the electric field intensity. At a reverse bias of 16.0V, the electric field in the In0.52Al0.48As 
multiplication region is ~580kV/cm, assuming a 200nm In0.52Al0.48As un-doped multiplication region and a 
150nm p-type (6 × 1017 cm-3) In0.52Al0.48As charge region. This value of electric field is consistent with 
measurements on In0.52Al0.48As homo-junction APDs [20], from which it was found that the electric field in 
a 200nm-thick multiplication region at gain of 1.8 was ~560KV/cm.  
 
The dark current of a 30µm-diameter APD was ~26.7nA at bias voltage of 35.2V (90% of the breakdown 
where gain >10). This compares favorably with SiNx-passivated APDs: 0.7µA/30µm by Kagawa et al [42], 
0.41µA/30µm by Kim et al [35], 0.4µA/80µm by Makita et al [43], and the polyimide-passivated APDs 
(67nA/30µm) and the BCB-passivated APDs (38nA/30µm) reported by Kim et al [35]. The APD dark 
current consists of the bulk leakage current, which is proportional to the mesa area, and the sidewall 
leakage current, which is only proportional to the mesa perimeter. The total dark current can be expressed 
as: 

4

2dJ
dJI bulk

sidewalltotal

⋅⋅+⋅⋅= ππ   (1) 

where Jsidewall is the sidewall leakage current density (A/m) and Jbulk is the bulk leakage current density 
(A/m2). The measured dark currents at 
bias voltage of ~35.2V (90% of 
breakdown) are plotted in Figure 8(a) 
versus mesa diameter. The solid line is 
a quadratic fit, which shows that the 
bulk component of the dark current is 
dominant. From the fit, the surface dark 
current density, Jsidewall , was 
0.19nA/µm and the bulk dark current 
density was 0.023 nA/µm2. The total 
dark current can also be expressed in 
terms of the multiplied dark current and 
un-multiplied dark current using the 
relation: 

MIII multipliedmultiplieduntotal ⋅+= − (2) 

In Fig. 8(b), Eq. (2) was fitted to the 
dark current of a 100µm-diameter 
APD. The un-multiplied dark current 
(density) was ~1.32nA (4.2pA/µm) and 

(1) 

Figure 9. Spatial photo-response of a 500µm APD at bias voltage 
of 38.6V (M≥20). 
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the multiplied dark current was ~1.54nA. The dependence of dark current on gain remains linear to gain 
values > 50. The low value of the un-multiplied dark current (density) is an indication of good material 
quality and surface passivation; it can be neglected for APDs biased at high gains.  
 
The spatial photoresponse profile of the large-mesa-area APD was measured by the raster-scanning 
technique. A 1.5-µm-wavelength He-Ne laser beam with a beam-waist <5um was scanned across a 500µm-
diameter APD at bias voltage of 36.8V (M ~20). A flat, uniform photoresponse profile was obtained across 
the whole mesa area, as shown in Figure 9. No spikes in the interior or edge peaks were observed. 

2.2 Avalanche photodiode arrays 
APD arrays were also fabricated from wafers having similar structures that in Fig.6.  The photocurrent, 
dark current, and gain of each device in an 18×18 array of 50µm-diameter APDs were measured. Three 
devices on the array failed due to improper probing. Statistical analysis of the dark current for the other 321 
devices exhibited a mean value of ~4.4nA and a standard deviation of 1.5nA at a bias voltage of 16.0V 
(gain ~1.8). The dark current distribution at 90% of the breakdown voltage exhibited a mean value of 
~71nA and a standard deviation of 13nA. The higher fractional spread at higher bias was due to poor 
sidewall passivation on several devices. Uniform photocurrent was consistently observed across the array. 
The mean value of gain was 10.9, 16.1, 22.1, and 43.4 at reverse bias voltages of 35.0V, 36.4V, 37.2V, and 
38.2V, respectively. The standard deviations of the gain distribution at each of the above reverse bias 
conditions were 0.9, 1.4, 2.1, and 5.6, respectively. The bandwidth of the array devices was measured with 
a HP8703A lightwave component analyzer at the wavelength of 1.3µm. The low-gain bandwidth of a 
typical 50µm-diameter APD device was ~8GHz. The bandwidth at low gain was limited by the transit time 
through the long carrier transport path (~3.9µm) associated with the depleted absorption, charge, and 
multiplication regions. Based on measurements of the device resistance and capacitance as well as 
calculated values, the 3-dB RC-bandwidth was estimated to be >20GHz. At higher gains a gain-bandwidth 
product of 120GHz was observed.  
  

3. EVANESCENTLY-COUPLED PIN PHOTODIODES 
 

To meet the challenge of high-responsivity, broad-bandwidth and high dynamic range, many approaches 
have been investigated. Surface-illuminated structures such as PIN, Uni-Traveling Carrier (UTC), Dual 
Depletion Region (DDR) or Partially Depleted Absorber (PDA) photodiodes, have demonstrated high-
power operation [44-47], however the tradeoff between quantum efficiency and transit time limits the 
responsivity to ≤0.6 A/W for small devices that can operate at frequencies as high as 40 GHz. Side-

illuminated photodiodes in which the responsivity and transit time are decoupled can overcome this 
restriction. A responsivity of 0.85 A/W and 50 GHz bandwidth have been reported [48] for edge-coupled 

 

Figure 10. Schematic cross section of the Short 
Multimode Waveguide Photodiode. 

Figure 11. Frequency response of a 5×20 µm2 SMWP 
photodiode. 
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PINs. A primary disadvantage of this type of photodiode is poor optical power capability compared to an 
evanescent coupling approach [49]. Due to more uniform light absorption, devices that utilize evanescent 
coupling can achieve higher saturation current levels, which translates to higher dynamic range, than a side-
illuminated approach [50]. Furthermore, evanescently-coupled photodiodes with an integrated taper have 
demonstrated responsivity up to 0.75 A/W [51] but at the expense of a more complex (and thus more 
difficult to fabricate) structure. We have shown that the critical taper technology can be replaced by an 
etched short multimode graded-index waveguide [52]. Using a Short Multimode Waveguide Photodiode 
(SMWP) that consists of a diluted waveguide and two optical matching layers (Fig. 10) a responsivity of 
1.02 A/W and 48 GHz bandwidth were achieved.  
 
A schematic cross section of the SMWP is shown in Fig.10. The challenge of this structure is to absorb as 
much light as possible over the length of a high-speed short photodiode (20-µm). The multimode 
waveguide consists of a diluted waveguide and two optical matching layers. The diluted waveguide is a 
stack of 10-periods of un-doped InP/GaInAsP (1.1-µm band gap) layers. The number of periods has been 
optimized to achieve high coupling efficiency with an input fiber and low TE/TM polarization dependence. 
The two optical matching layers are n-doped GaInAsP. The band gaps correspond to 1.1-µm and 1.4-µm 
for the first and second optical matching layers, respectively. This provides a gradual increase of the optical 
refractive index from the diluted waveguide to the absorbing layer, which results in a significant 
enhancement of the quantum efficiency. The epitaxial structure was grown by molecular beam epitaxy on a 
semi-insulating substrate. The photodiode mesas were patterned using dry etch, followed by a wet etch. 
The p-contact metallization was used as the etching mask and a thin InP layer on the top of the second 
optical matching layer served as an etch stop. A SiO2 passivation film was then deposited. The electrical 
pads were isolated by etching a trench around the signal pad. An air bridge connected the photodiode and 
the signal pad. Finally the chips were precisely cleaved using a V-groove and an anti-reflection coating was 
deposited.  
 
In agreement with the modeling, the optimal waveguide length was found to be 20-µm. 1.07 A/W 
responsivity was achieved at 1.543-µm wavelength (corresponding to a external quantum efficiency of 
86%) with TE/TM polarization dependence less than 0.5 dB. The bandwidth and saturation current were 
measured with a heterodyne setup that utilizes two single mode DFB lasers were temperature-controlled 
and mixed in a 3 dB coupler. Figure 11 shows the bandwidth response achieved on a 5×20 µm2 diode. A 
broad bandwidth of 48GHz has been measured. To our knowledge, this is the highest responsivity reported 
for a wide bandwidth (48 GHz) photodiode. 
 

4. QUANTUM DOT INFRARED PHOTODETECTORS 
 

To date, normal-incidence QDIPs with encouraging performance at ~77 K have been demonstrated from 3 
µm to 14 µm wavelength. In the mid-wavelength infrared (MWIR) regime, we have previously 
demonstrated a peak detectivity (D*) of 1.5×109 cmHz1/2/W at 7.2 µm at 77 K in Al-free GaAs(001)/InAs 
n-i-n QDIPs [53,54]. To improve upon the dark current and D*, the construct of a current blocking AlGaAs 
layer in the otherwise GaAs confinement layers was introduced [55]. With such an AlGaAs current 
blocking layer, a peak D* at 6.2 µm of 1010 cmHz1/2/W at 77 K [56] was obtained. In order to shift the 
response to longer wavelengths, the cap layer has recently been changed from GaAs to InGaAs.  Figures 12 
and 13 show a schematic of the QDIP structure and the band structure, respectively. The sample was grown 
on semi-insulating GaAs (001) substrates by solid-source molecular beam epitaxy. Five layers of nominally 
2.0 monolayer (ML) InAs at a growth rate of ~0.22 ML/sec at ~500ºC were inserted between highly Si-
doped top and bottom GaAs contact layers. Then 20 ML In0.15Ga0.85As regions were grown via migration 
enhanced epitaxy (MEE) at ~350ºC as the quantum dot cap layers followed by 20 ML of MEE grown 
GaAs. Additional 160 ML of GaAs was grown via MBE at 500º for a total of 180 ML GaAs spacer layers. 
The GaAs layers between the contact layers and the nearest quantum dot layer had a thickness of 220 ~ 240 
MLs.  
 
The normal-incidence spectral response of the n-i(QDs)-n QDIPs at 77K is shown in Figure 14. The 
intraband photoresponse peak occurred at ~8.8 µm (141 meV) for bias larger than 0.2 V. We note that the 
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conduction band bandoffset for the GaAs/In0.15Ga0.85As/GaAs QWs is estimated in the literature to be 
145±15meV. Although this value is close to the 8.8 µm (141 meV) photoresponse, this response (more 

precisely, 8.22 µm at -0.8V) does not arise from the GaAs/20 ML In0.15Ga0.85As/GaAs QW regions between 
the InAs QD regions. This is supported by early reported experimental data [57] on infrared detector 
structures that contain wider GaAs/30 ML In0.15Ga0.85As/GaAs QW regions between QDs, and show a red 
shift (from the 8.22 micron response of the current GaAs/20ML In0.15Ga0.85As/GaAs containing sample) to 
9.3 micron (at -0.8V) for the 8.8 µm photoresponse. This is in contrast to the blue shift that should result if 
the origin of this photoresponse peak were in the QW region between the QDs. Thus, the 8.8 µm 
photoresponse arises from the InAs QDs. Considering that the barrier height of In0.15Ga0.85As/GaAs is about 
145 meV, the much smaller 5.4 µm (~230meV) photoresponse clearly arises from the InAs QDs. Thus, 
both the 8.8 µm and 5.4 µm photoresponses arise from the InAs QDs. Note that the full width half 
maximum (FWHM), ∆λ, of the ~8.8 µm peak is ~1.0 µm and ∆λ/λ is ~12 %.   
 

The absolute spectral responsivity was 
calibrated with a blackbody source (T = 995 
K). Figure 15 shows the peak responsivity 
versus bias at temperatures of 77 K, 100 K, 
and 120 K. At 77 K, with increase in positive 
bias, the responsivity increased from 13 mA/W 
at 0.2 V to 660 mA/W at 0.9 V. For negative 
bias, the responsivity increased from 22 mA/W 
at –0.2 V to 600 mA/W at –0.9 V. The 
different responsivity curves for the positive 
and negative bias are due to the asymmetric 
band structure; electrons in the quantum dots 
experience different barrier heights depending 
on whether transport is toward the top or 
bottom contacts. Negative differential 
responsivity was observed with further 
increase in voltage, for both the positive and 
negative bias cases. This could be a result of 
“over-filling” the quantum dots, i.e., the higher 
dark currents that are concomitant with higher 
bias populate the higher states in the quantum 
dots and thus reduce the probability for 
intraband transitions. At low bias (|V| ≤ 0.1 V), 

Figure 12. Schematic of an 
InAs/In0.15Ga0.85As/GaAs quantum dot infrared 
photodetector structure.  
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Figure 13. Schematic of the band structure an 
InAs/In0.15Ga0.85As/GaAs quantum dot infrared 
photodetector structure.. 
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the photocurrent increased with temperature. This is due to the fact that the electrons fill more of the 
ground states in the quantum dots. However, at higher bias, the photocurrent decreased with temperature, 
which could be a result either of “over-filling”, which occurs at lower voltage with increasing temperature, 
or of a decrease in lifetime of photoexcited electrons due to an enhanced electron-phonon scattering.  
 
Figure 16 shows the dark current density versus voltage characteristics for temperature in the range 20 K to 
296 K. The structural asymmetry, discussed above, also resulted in asymmetric dark current density for 
positive and negative bias. As the temperature increased from 20 K to room temperature, the dark current  

 
density increased over ten orders of magnitude from 9.5×10-9 to 9.6 A/cm2 at 0.3 V and from 6.2×10-9 to 
9.6 A/cm2 at –0.3 V. At low bias, the increase in dark current density at low temperature was due to the fact 
that as the bias increased, more electrons occupied the quantum dots, which resulted in an increase in the 
average sheet electron density. When a large fraction of the quantum dots states are occupied, further 
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Figure 16. Dark current density vs bias curves for 
temperature in the range from 20 K to 293 K. 
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increase in bias does not significantly alter the sheet electron density. This caused a lowering of the energy 
barrier for injected electrons at the contact layers, which resulted in the nearly exponential increase of the 
dark current.  
 
The dark current noise current, in, was characterized with low noise current preamplifiers and a SRS 760 
FFT spectrum analyzer. Figure 17 shows the noise current of a 250 µm-diameter device at 77 K (solid 
circles) and 100 K (open circles) versus bias voltage. The calculated thermal noise current, Ith, at 77 K and 
100 K is also shown. The thermal noise current can be expressed as, Ith = (4kT/R)1/2 where k is Boltzmann’s 
constant, T is the absolute temperature, and R is the differential resistance of the device, which was 
extracted from the slope of dark current. At VB = 0.1 V and 77 K, the calculated thermal noise current 
(3×10-14 A/Hz1/2) was close to the measured noise current (6×10-14 A/Hz1/2), indicating that thermal noise is 
significant in the low bias region. As the bias increased, the noise current increased much faster than 
thermal noise. Based on the noise characteristics of quantum well infrared photodetectors, we propose that 
the noise current at high bias (|VB| > 0.1 V) may be dominated by generation-recombination (GR) noise.  
 
The detectivity is given by 

ni

fAR
D

∆⋅
=* , where A is the device area, R is the responsivity, in is the noise 

current, and ∆f is the bandwidth. Figure 18 shows the peak detectivity for the 8.3 µm and 8.8 µm peaks at 
77 K and 100 K. The best performance was achieved at 77 K and –0.2 V where the peak detectivity was 
3.2×109 cmHz1/2/W. The corresponding responsivity was 22 mA/W. Note the rapid decrease of the 
detectivity with increase in temperature for both peaks. Owing primarily to the rapid increase in GR noise 
current at 100 K, the detectivity of the 8.3 µm peak dropped to 1.5×108 cmHz1/2/W at -0.35 V.   

.  
5. CONCULSIONS 

 
In conclusion, we have described recent advances in several areas of photodetector research. 

Impact-ionization-engineered APDs that operate at the wavelengths of interest for fiber optic applications 
have been demonstrated. Using either a single-well structure or a pseudo-graded structure based on 
InAlAs/InGaAlAs materials, low excess noise (k~0.12) was achieved. Mesa-structure In0.53Ga0.47As/ 
In0.52Al0.48As avalanche photodiodes (APDs) have been utilized to fabricate large area (500µm diameter) 
devices and 18x18 arrays. The dark current density was ~2.5×10-2 nA/µm2 at 90% of breakdown and the 
surface leakage current density was ~4.2pA/µm. High external quantum efficiency (53% at 0V) and high 
detectivity (D* = 2.0×1014 cm-Hz1/2-W-1 at λ = 269 nm ) was achieved with solar-blind, ultra-violet AlxGa1-

xN photodiodes by increasing the composition of aluminum in the “window” n-layer. InAs/InGaAs/GaAs 
QDIPs with strain relief In0.15Ga0.85As cap layers have been demonstrated. These QDIPs exhibited a 
photoresponse peak at 8.8 µm (positive bias). At 77 K, the low dark current and responsivity of 22 mA/W 
yielded a peak D* of 3.2×109 cmHz1/2/W.  
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