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Abstract—This paper describes a superior passivation of p-type 

(p+) Si surface by Al2O3 thin film that is synthesized by plasma-

assisted atomic layer deposition for ultraviolet sensitive silicon 

photomultipliers (SiPM), compared to conventional SiO2 and SiNx 

passivation schemes. The superiority of Al2O3 passivation is due to 

not only a sufficiently low interface defect density but also a high 

density of built-in negative charges. A 7 nm thin Al2O3 film can 

yield an emitter saturation current density of ~8 fA/cm2 on high 

sheet resistance p+ layer, compared to ~60 and ~1480 fA/cm2 for 

thermal SiO2 and SiNx passivation. This superior surface 

passivation allows the photon-generated carriers to have higher 

probabilities to reach the high-field region to trigger an avalanche 

event. In addition, Al2O3 thin film provides very low values of 

effective surface recombination velocity on low resistivity n-type 

and p-type Si surfaces, which can lead to well-passivated surface 

features on guard ring and trench isolation regions of SiPM. These 

demonstrate the potential of Al2O3 thin film passivation to 

improve quantum efficiency and thus photo-detection efficiency of 

ultraviolet sensitive SiPM with p+/ n-/n/n+ structure. 

 
Index Terms—Al2O3, Carrier Recombination, Quantum 

Efficiency, SiPM, Surface Passivation 

 

I. INTRODUCTION 

ILICON photomultiplier (SiPM) has been attracting 

interests in several application fields since it was developed 

in the late 1990s [1], including nuclear medical imaging, light 

detection and ranging (LIDAR), fluorescence light detection in 

physics, and detection in scintillation light. SiPM is a solid-state 

photodetector segmented in tiny Geiger-mode Avalanche 

Photodiodes (GM-APD), called microcells. The microcells are 

connected in parallel through quenching resistors. Each 

microcell is independent and gives the same signal when a 

photon is absorbed and an avalanche event is triggered. 

Coupled with scintillators, SiPM could serve as an alternative 

to photomultiplier tubes (PMT), especially when detecting light 

with very low intensity.  Compared to PMT, SiPM offers 

several advantages in application to nuclear instrumentation: 

low operation voltage and power consumption, ability to 

withstand a magnetic field, compactness, ruggedness, and 

relatively low cost [2]. Even though SiPM performance 

improvement experienced a gradual progress in the past few 

years, the photo-detection efficiency (PDE)—the ratio between 
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the numbers of detected photons and the photons arriving at the 

detector, — is still limited to around 60% [3, 4, 5, 6] at the peak 

and rapidly reduced from the peak value as the wavelength 

enters ultraviolet range. This is mainly due to the recombination 

of the photo-generated primary carriers at the Si surface defect 

centers (i.e., dangling bonds), in addition to photon reflection 

loss [7, 8]. Therefore, a reduction in carrier recombination at 

the surface, called surface passivation, is a prominent role in the 

development of high-performance SiPM devices. The surface 

passivation materials typically used in conventional SiPM are 

silicon nitride (SiNx) formed by plasma-enhanced chemical 

vapor deposition (PECVD) or thermally grown SiO2 [9]. The 

focus of this study is to explore new material to enhance the 

surface passivation performance and improve the PDE of UV-

sensitive SiPM devices.  

In this paper, we describe and analyze an excellent surface 

passivation enabled by an ultra-thin Al2O3 film that is 

synthesized by plasma-assisted atomic layer deposition (ALD) 

to reduce carrier recombination on the active area surface and 

thus improve quantum efficiency in the short wavelength range. 

For comparison purposes, conventional SiO2 and SiNx 

passivation schemes are also included in this study. 
 

II. SURFACE PASSIVATION CHARACTERIZATION 

The surface passivation performance of thin film materials 

on the p+ layer can be quantified by the emitter saturation 

current density (J0e) that is determined by the carrier lifetime 

measurement from the quasi-steady-state photoconductance 

(QSSPC) characterization technique [10], with Equation (1): 
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where W is the Si substrate thickness, Δn the excess carrier 

density, q the electron charge, ni the intrinsic carrier 

concentration of crystalline Si (c-Si), Nd the bulk doping level, 

τSRH the defect-related bulk lifetime–Shockley-Read-Hall 

(SRH) recombination in the bulk, τAuger the intrinsic Auger 

lifetime, and τeff the measured effective excess carrier lifetime. 

J0e is extracted from the slope of linear fit of the measured 
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Auger-corrected inverse effective lifetime as a function of the 

injection level, according to Equation (1). Less carrier 

recombination leads to high effective lifetime, hence a lower J0e 

value on the same emitter indicates better surface passivation 

performance. Note that a symmetric structure is required to 

apply this characterization technique, i.e., SiNx/Al2O3/p+/c-

Si/p+/Al2O3/SiNx, where SiNx works as an antireflective coating 

(ARC) layer.  

Applying the QSSPC characterization technique, the level of 

passivation performance on an n-type surface (i.e., isolation 

trench area) can also be quantified by the upper limit of the 

effective surface recombination velocity (Seff), assuming an 

infinite bulk lifetime for the high-quality float-zone (FZ) c-Si 

substrate [11]: 

 

𝑆𝑒𝑓𝑓 ≤
𝑊

2×𝜏𝑒𝑓𝑓
,                                   (2) 

 

where W is c-Si substrate thickness, and τeff is the measured 

effective excess carrier lifetime. Note that the c-Si substrate 

used to study Seff should be undiffused (that is, no emitter layer) 

and contain a high bulk lifetime and symmetric dielectric 

scheme on both surfaces (i.e., SiNx/Al2O3/c-Si/Al2O3/SiNx). 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 

The Al2O3 thin film in this study was synthesized by 70 

deposition cycles in the Cambridge Fiji Plasma ALD system 

using trimethylaluminum (Al(CH3)3, or TMA) and oxygen as 

precursors at the deposition temperature of 150°C. Compared 

to conventional PECVD, the advantage of ALD is the precise 

control of the deposition process at the atomic level by self-

limiting surface reactions in a sequential manner. In an ALD 

cycle, the precursor molecules can only react with the available 

reaction sites at the surface. Then the reactions automatically 

stop once all reaction sites have reacted, and the remaining 

precursor and reaction products are purged away [12]. Hence, 

ALD enables subtle material engineering and precise film 

thickness by controlling the number of deposition cycles. The 

resulted Al2O3 film thickness is about 7 nm in this study [13]. 

The 7 nm Al2O3 film can provide a comparable passivation 

performance as the thicker one (i.e., 13 nm) [11]. In addition, a 

thicker Al2O3 film may negatively affect the optical feature of 

the SiPM device, because its extinction coefficient (κ) sharply 

increases for the wavelength below 230 nm (κ of ALD Al2O3 

film is very low for the wavelength above 250 nm, 

demonstrating a highly transparent film for some applications) 

[14, 15]. In this study, after the ALD process, the Al2O3 film 

was capped by a SiNx layer that was deposited by PECVD at 

450 °C for about 45 minutes.  

Fig. 1 shows QSSPC lifetime measurement results to 

compare the surface passivation performance among ALD 

Al2O3, SiO2, and SiNx on the same p+ emitter with a sheet 

resistance of 170 ohm per square (Ω/□), where “square” (□) is 

dimensionless and normally used to express the unit of sheet 

resistivity for a heavily doped layer. The extracted J0e values 

are 12, 63, and 1152 fA/cm2 for ALD Al2O3, SiO2, and SiNx, 

respectively. 

 

 
Fig. 1. Comparison of the measured Auger corrected inverse effective lifetime 

as a function of the injection level for symmetric J0e samples passivated by 

Al2O3, SiO2, and SiNx. 

 

Fig. 1 compares the Auger-corrected inverse effective 

lifetime as a function of injection level on the J0e samples with 

the same sheet resistance of 170 Ω/□, while Fig. 2 compares the 

extracted J0e as a function of the sheet resistance of a p+ emitter 

passivated by Al2O3, SiO2, and SiNx, respectively. It is clearly 

shown in Fig. 2 that the obtained J0e for Al2O3 passivation are 

lower than those for SiO2 and SiNx passivation schemes for the 

entire sheet resistance range studied; J0e of ~8 fA/cm2 can be 

achieved for Al2O3 passivation on the emitter with sheet 

resistance of 210 Ω/□, compared to ~60 and ~1480 fA/cm2 for 

SiO2 and SiNx passivation schemes.  

 

 
Fig. 2. Comparison of the measured J0e as a function of the sheet resistance of 

p+ emitter on symmetric J0e samples passivated by Al2O3, SiO2, and SiNx, with 

solid smooth lines as a guide to the eye.  
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The physical mechanism underlying the better passivation 

performance of the p+ layer by Al2O3 compared to SiO2 and 

SiNx is explained in more detail in the following. The Shockley-

Real-Hall theory developed in 1950s [16, 17] shows that the 

surface recombination rate can be quantified and illustrated by: 

 

𝑈𝑠 =  
(𝑛𝑠𝑝𝑠−𝑛𝑖

2)𝑣𝑡ℎ𝐷𝑖𝑡
𝑛𝑠+𝑛1

𝜎𝑝
+

𝑝𝑠+𝑝1
𝜎𝑛

,                            (3) 

 

where Us represents the surface recombination rate, ns and ps 

are the electron and hole densities at the surface, ni the intrinsic 

carrier concentration, νth the thermal velocity of the electrons, 

Dit the interface defect density at midgap, n1 and p1 statistical 

factors, σn and σp the electron and hole capture cross-sections. 

According to the Equation (3), the surface recombination rate 

can be reduced by two passivation strategies. The first strategy 

is chemical passivation, which aims to reduce the number of 

defect states at the interface, because the surface recombination 

rate is directly proportional to the interface defect density (Dit) 

as expressed in the Shockley-Real-Hall Equation (3). The 

second strategy is referred to as field-effect passivation, which 

is to reduce the electron or hole concentration (ns or ps) at the 

interface via a built-in electric field. In an extreme case, the 

surface recombination rate reaches the highest level when the 

electron and hole concentrations are equal. However, this can 

be minimized if one kind of carrier concentration is altered to a 

minimum via electrostatic shielding that can be achieved by 

introducing an internal electric field. Such an internal electrical 

field can be obtained by a presence of fixed electrical charges 

in some thin-film materials [18, 19]. 

Therefore, it is desirable to passivate the p+ with a thin-film 

material that not only can reduce the interface defect density but 

also can have negative fixed charges at the interface to shield 

the electron carriers, which leads to an effective reduction in the 

surface recombination rate. As shown in Fig. 2, the superiority 

of Al2O3 passivation on p+ surfaces is mainly due to a high 

density (on the order of 1013 cm-2) of built-in negative charges, 

which might be present at the tetrahedrally coordinated Al site 

at the interface, in contrast to the octahedrally coordinated site 

where Al has a charge of 3+ [20]. This high negative charge 

density strongly reduces the electron concentration at the 

silicon interface via electrostatic shielding. So Al2O3 has a very 

strong field-effect passivation function for p+ surface layer. 

Both Fig. 1 and Fig. 2 demonstrates that the SiNx passivation 

scheme results in the worst carrier recombination (the highest 

J0e) on the same p+ emitter structure, this is likely because there 

is a large density of fixed positive charges (about 3 × 1012 cm-

2) present within SiNx layer, inducing an inversion layer in the 

p+ silicon underneath SiNx, which is the so-call “parasitic 

shunting” [21]. In contrast, the SiO2 film has the fixed positive 

charge density of about only 1 × 1011 cm-2, approximately 10 

times lower than that within SiNx layer, which results in only a 

weak inversion layer [22]. Hence, SiO2 passivation shows an 

average and tolerable J0e value on the same p+ emitter structure.  

In addition, it has been reported that the interface defect 

density of about only 1 × 109 cm-2 eV-1 can be achieved in the 

SiO2 film grown at high temperature (~ 1000 °C) [22]. So, the 

conventional high quality thermal SiO2 is an excellent thin-film 

material to passivate the dangling bonds at the undoped or 

negatively doped (n) silicon surface [23]. The interface defect 

density in SiNx deposited at 450 °C by PECVD is higher, about 

3 × 1010 cm-2 eV-1 [24], which causes inferior passivation 

quality even on the undoped or negatively doped (n) silicon 

surface. The defect density of SiNx is 30 times higher in 

comparison to thermal SiO2. Therefore, the higher interface 

defect density of SiNx also contributes to its worst passivation 

performance on the same p+ emitter structure. Moreover, an 

interface defect density of 5 ×1010 cm-2 eV-1 is still present in 

Al2O3 [25], which is on the same order as that in SiNx. However, 

since the degree of field-effect passivation scales with the 

square of the charge density (𝑄𝑓
2), a high negative charge 

density in Al2O3 (of the order of 1013 cm-2) can tolerate a 

relatively high defect density at the silicon interface and still 

maintaining excellent surface passivation. Consequently, the 

Al2O3 film provides superior surface passivation mainly due to 

its high density of built-in negative charges, so the majority 

carrier (hole) is accumulated while the minority carrier 

(electron) is repelled at the surface [20]. Hence, the SRH 

recombination on the surface and the surface recombination 

velocity is reduced. Although SiO2 film has the lowest interface 

defect density in this study, the recombination loss caused by 

its positive charge density still can not be compensated on the 

same p+ emitter structure. SiNx film suffers from not only its 

high interface defect density, but also the large density of fixed 

positive charges, hence resulting in the poorest passivation (the 

highest J0e) on the same p+ emitter structure, as shown in Fig. 

2. 

This superior passivation performance of Al2O3 on p+ surface 

over SiO2 and SiNx can be applied to improve the PDE of UV-

sensitive SiPM devices. The SiPM prototype device is designed 

as p+/n-/n/n+ structure with ALD Al2O3 surface passivation, as 

shown in Fig. 3. The principle of structure design is discussed 

below. It is known that the primary factors for PDE are 

avalanche triggering probability (PT), geometrical fill factor 

(FF), and quantum efficiency (QE), as illustrated in Equation 

(4) [9].  

 

𝑃𝐷𝐸 = 𝑄𝐸 ×  𝑃𝑇  × 𝐹𝐹,                                (4)  

           

where PT represents the probability for a photo-generated 

carrier traversing the high-field region to trigger an avalanche 

event, FF is the ratio between the active area and the total area 

of the SiPM device, and QE is the probability for an incident 

photo to generate a primary electron-hole pair and subsequent 

collection of photogenerated carriers in the active area of the 

SiPM device. The QE is related to photoelectric absorption, 

generation of a primary electron-hole pair in the active volume, 

and charge carrier collection (photo-generated primary carriers 

travel to the high-field region). Because the absorption 

coefficient of Si is wavelength-dependent, short-wavelength 

photons are absorbed near the Si surface generating the primary 

carriers. For instance, about 90% photons with a wavelength of 

420 nm are absorbed in first 400 nm of Si [26]. In addition, an 

early study in 1970s [27] found that electron triggering 

probability (Pe) is higher than hole triggering probability (Ph) 

because the electron has a higher ionization rate than the hole, 
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while both electron and hole contribute to PT according to the 

following equation [28]: 
 

𝑃𝑇 = 𝑃𝑒 + 𝑃ℎ − 𝑃𝑒𝑃ℎ,                           (5) 

 

where Pe represents electron triggering probability, and Ph is 

hole triggering probability.  Pe and Ph are determined by the 

electrical field profile (Efield) and the electron ionization 

coefficient (αe) and the hole ionization coefficient (αh). Efield is 

an abrupt diode field profile, and determined by the effective 

doping profile (Neff) and the applied bias voltage (Vbias). 

Because αe is much higher than αh (i.e., αe is about twice αh at 

5×105 V/cm [27]), in order to maximize PT, it is ideal that the 

avalanche event is triggered by the electron. It is also ideal that 

the primary electron–hole pair is photo-generated in the 

positively doped layer (p+) of the pn-junction to allow the 

electron to transverse the entire high-field region to trigger the 

avalanche and toward n-contact while the holes travel toward 

the p-contact [29]. As just discussed above, photons with a short 

wavelength are absorbed within the very top of the Si wafer; 

hence, it is ideal that the top layer of the pn-junction is 

positively doped (p+). Therefore, in this study, ultraviolet-

sensitive SiPM is designed as a p+/n-/n/n+ structure with a 

passivated p+ layer on the top, as shown in Fig. 3. 

 

 
Fig. 3. From left to right: sketch of the pn-junction structure, the electric field 

strength and the triggering probability for electrons and holes is shown.  

 However, there are many defects on the positively doped 

silicon surface, including dangling bonds (non-saturated) due to 

the disturbance of the symmetry of the crystal lattice. In 

addition, there are typically extrinsic surface defects that are 

related to the fabrication processing, due to dislocations or 

chemical residues and metallic deposition on the surface [22].   

The defects can easily trap the photo-generated carriers, and 

cause them to quickly recombine after photogeneration. Hence, 

suitable thin-film materials are required to passivate these 

defects on the silicon surface, and allow the photo-generated 

carriers to traverse the high-field region to trigger avalanche 

events. Furthermore, there are other factors affecting the 

suitability of a surface passivation material, including thermal 

stability, long-term stability, optical properties (i.e., parasitic 

absorption, refractive index), and processing requirements.  

The passivation on the surface of low resistivity n-type and 

p-type is also investigated in this work. In particular, we verify 

the feasibility of Al2O3 thin film to passivate the surface areas 

of guard ring (p-) and trench isolation (n) of a UV-sensitive 

SiPM device, as shown in Fig. 4.  Note that Fig. 4 is an enlarged 

section that is highlighted in Fig. 5. The guard ring structure at 

the edge area (p-) with lower doping level than the active area 

(p+) is used to avoid an edge premature breakdown, and the 

isolation trench structure is applied to suppress the optical 

cross-talk. Note that the antireflection coating (ARC) layer 

shown in Fig. 4 is used to reduce the reflection loss, because 

there is a significant difference in the refractive index between 

the incident medium (i.e., air or vacuum) and silicon. Silicon 

nitride (SiNx) with refractive index of about 2.3 is a typical thin-

film material as a single-layer ARC.  Therefore, the UV-

sensitive SiPM prototype device is designed as shown in Fig. 5. 

 

 
Fig. 4. The schematic of guard ring and isolation trench structure at edge of a 

microcell. This is an enlarged section of Fig. 5.   

Fig. 2 indicates that Al2O3 is able to provide a better surface 

passivation than SiO2 and SiNx on both the active area (p+, high 

doping level hence low sheet resistance) and the guard ring area 

(p-, low doping level hence high sheet resistance). It is also 

evident that as the sheet resistance increases, J0e rapidly drops 

for Al2O3 passivation and gradually decreases for conventional 

SiO2 passivation while it significantly increases for SiNx. This 

is likely because lower doping level leads to less Auger 

recombination within p+ emitter, while the field-effect 

passivation due to its high-level negative charges in Al2O3 plays 

a more important role of shielding minority carrier (electrons), 

resulting in less recombination. SiO2 can not take full advantage 

of less Auger recombination because of a weak inversion layer 

that is induced by its moderate positive charge density.  It is 

very likely that the parasitic shunting in SiNx caused by the high 

positive charge density becomes even stronger at lower doping 

level, leading to stronger surface recombination and thus higher 

J0e, although the Auger recombination within the p+ layer is 

lower.  

 

 
Fig. 5. Schematic of SiPM with Al2O3 passivation on the surface. The section 

highlighted by the dash-line rectangle is enlarged and shown in Fig. 4.  
 

 In this study, low Seff value of ≤ 4 cm/s is obtained on low 

resistivity p-type, and Seff of ≤ 9 cm/s is achieved on n-type Si 
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substrate with ALD Al2O3 passivation on the surface. These Seff 

values are very comparable, compared to those obtained by 

thermal SiO2 passivation on n-type Si substrate surface, which 

is about 6 cm/s [22]. This suggests that the Al2O3 film can 

provide a well-passivated feature on the guard ring (p-type, low 

doping level) as well as the isolation trench regions (epi layer, 

n-type, low doping level) of SiPM devices shown in Fig. 4.  

The guard ring region of SiPM structure is to reduce or avoid 

the edge breakdown or premature breakdown that is caused by 

the potential crowding due to a nonuniform electric field 

formed by the curvature effect on the corner at the proximity of 

the p+ border [8]. The isolation trench structure can successfully 

suppress the optical cross-talk (one of noise sources). Without 

the guard ring, the curvature effect of the pn-junction can cause 

a higher electric field at the edges resulting in a lower 

breakdown voltage at the edge areas than the central areas.   As 

a consequence, the edge areas are already operating in Geiger 

mode even at a reverse bias voltage lower than the “normalized” 

breakdown voltage (VBD), while other areas are not [29]. The 

deep isolation trench is created to reduce the crosstalk 

phenomenon that results in the correlated noise. The crosstalk 

phenomenon occurs when photons are emitted by hot carriers 

traversing through the high-field region during the primary 

avalanche discharge and absorbed in another microcell, then 

generate a carrier that is subsequently collected and triggers a 

second avalanche event [8]. 

IV. CONCLUSION 

This study has shown that the superior passivation quality on 

both p+ and p- Si surface can be obtained by the ALD deposited 

Al2O3 film, compared to the conventional SiO2 passivation for 

UV sensitive SiPM. J0e can be reduced to 8 fA/cm2 by the Al2O3 

passivation on the p+ emitter with the sheet resistance of 210 

Ω/□, compared to ~60 and 1480 fA/cm2 for the thermal SiO2 

and SiNx passivation. Due to its high density of built-in negative 

charges, Al2O3 passivation results in strong field-effect 

passivation, and hence less carrier recombination at the p+ 

silicon surface than conventional SiO2 passivation. This strong 

electrostatic shielding present in Al2O3 can tolerate a relatively 

high defect density at its silicon interface while still maintaining 

a superior surface passivation. Although thermal grown SiO2 

has a low interface defect density, its moderate positive charge 

density causes a weak inversion layer in the p+ silicon 

underneath SiO2, resulting in an average and tolerable 

passivation performance. SiNx passivation has the highest J0e 

on the studied p+ emitters, suffering from not only its high 

interface defect density, but also its large density of fixed 

positive charges. The parasitic shunting in SiNx due to its high 

positive charge density becomes more catastrophic at lower 

doping level on the studied p+ emitters, causing severer surface 

recombination, hence a rapid increase in J0e. 

Compared to the conventional SiO2 passivation, the superior 

Al2O3 passivation with lower J0e on the studied p+ emitters 

allows photoelectrons generated near the surface to drift longer, 

promoting a higher charge collection in the Si (where the 

photon-generated carriers have some opportunities to reach the 

high-field region to trigger an avalanche event). Therefore, 

Al2O3 passivation may provide higher quantum efficiency and 

hence higher photo-detection efficiency for short-wavelength 

photons than conventional SiO2 passivation on p+ active area. 

In addition, ultralow Seff of 4 cm/s on lightly doped p-type and 

9 cm/s on n-type Si surfaces passivated by Al2O3 are obtained, 

which demonstrates that excellent surface passivation can be 

enabled by Al2O3 on the guard ring region (to reduce premature 

breakdown) and isolation trench (suppress the optical cross-

talk) of the SiPM device.  

In conclusion, the superior passivation performance 

demonstrated in this study paves a way for Al2O3 as a 

passivation alternative to SiO2 in UV-sensitive SiPM with p+/n-

/n/n+ structure to improve its photo-detection efficiency. 
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