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Theoretical Study of Hydrogenated Amorphous Silicon with Quantum Simulations
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This thesis focuses on hydrogenated amorphous silicon (a-Si:H) as solar cell materials. The nano-scale
structure and physical properties of a-Si:H were studied with quantum simulations based on the density
functional tight binding (DFTB) model. The main purpose is to investigate the relation among the nano-
scale structures, electronic properties, and the optical response, attempting to address the improvement of

photovoltaic efficiency and stability. The thesis consists of seven chapters as follows.

Chapter 1 describes the background of a-Si:H material research with survey of various types of solar

cells and presents the motivation, objectives, and outline of this thesis.

Chapter 2 gives the description on the methodology used in this thesis. The main scheme is the DFTB
method to evaluate the electronic states, combined with the molecular dynamics (MD) method to trace the
nano-scale structural change. The theoretical framework of DFTB method is explained in detail. The non-
equilibrium Green’s function (NEGF) method is also described, which is utilized to investigate the electron

transport mechanism.

Chapter 3 is devoted to validating the methodology and the modeling of a-Si:H samples. The samples
were fabricated with a continuous random substitution network model, and a series of DFTB simulations
were performed to investigate their structural and electronic properties. Excellent structural properties were
obtained by adjusting the hydrogen concentration Cy and the cooling rate. The results indicated that Cy
strongly affects the structure. The sample with 14% Cy has the best structural properties. The cooling rate
has also much effect on the structure. Upon comparison with experimental results, it was confirmed that
this random substitution network model enables the author to theoretically investigate the properties of a-

Si:H.

Chapter 4 describes the electronic properties studied by varying Cu and using different metal
electrodes. The electron transport properties of a-Si:H were investigated with the NEGF method combined
with DFTB simulations. Comparison of a-Si:H with crystalline (c-Si) and amorphous silicon (a-Si) systems
confirms that passivation of defects by hydrogen atoms generally improves electronic transmission, by
generating defect states in the bandgap and mitigating charge localization. Contents of 3-6 % hydrogen
gives the largest transmission due to the defect states resonance. By comparing copper electrode systems
and aluminum ones, the interface between a-Si:H and electrodes is found to affect the electron transport,
although general trend of Cu dependence is similar. Due to the electronegativity difference, clearly
discernible electric double layers are generated on the Al/a-Si:H interface. These findings provide important

guidelines for the use of hydrogenated amorphous silicon devices.
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Chapter 5 gives the investigation of light absorption and photo-induced charge transfer properties of
a-Si:H. A time-dependent DFTB simulations combined with MD calculations were adopted to investigate
the light absorption spectrum and the dynamic process of charge separation under photon irradiation. In the
first part, it was shown that the absorbance increases with higher Cy. It was revealed that the structural
disorder, such as floating and dangling bonds, has a major contribution to this behavior. The optical bandgap
E; of a-Si:H is strongly influenced by its structural properties. Several methods proposed to evaluate £,
based on the absorption spectrum were compared, and it was concluded that the conventional Tauc plot
gives the most reasonable value of E,. In the second part, the charge separation dynamics was examined by
exertion of oscillating electric field mimicking photons with energy close to the bandgap. Hydrogen atoms
act as electron donors in general. More charge is transferred with larger Cy. The dynamic charge transfer
continues for 100 — 300 fs after the irradiation stops, suggesting that some irreversible structural change is
brought by the irradiation. These findings suggest the way of improving efficiency and stability of

amorphous based photovoltaic materials.

In Chapter 6, a-Si:H/c-Si heterojunctions were investigated. Based on the above single (bulk) material
studies, the photo-induced charge separation and transfer behaviors in a-Si:H/c-Si heterojunctions were
examined. It was found that hydrogen plays an important role in the charge separation-transfer mechanism
in a-Si:H/c-Si heterojunctions. At higher Cy, the net charge transfer on hydrogen increases significantly
with time, but no increment is observed for the whole system, suggesting that the H effect on the charge
behavior in inter-material is related to structural differences. The carrier-type modifications with aluminum
(Al) or phosphorus (P) doping in c-Si were examined and it was revealed that the doping in c-Si has
important effects on the charge behavior in a-Si:H/c-Si. Al doping generally results in more favorable
charge separation-transfer behavior over longer time period while P doping brings surprisingly excellent
charge behavior at higher Cy. It was noted that electron-phonon coupling leads to this charge behavior.
Doping of a-Si:H with Al or P was also investigated, and it was found that the doping in a-Si:H restricts
inter-material charge recombination to some extent. a-Si:H contributes mainly to defect passivation and
carrier-selective transporting, but the charge separation and transfer are significantly affected as well.
Finally it was found that significant correlation exists between photo absorption spectrum and inter-material
charge behavior. A large and stable charge separation-transfer occurs at the peaks of absorption spectrum,

while the absorption valleys seemingly correspond to strong carrier recombination.

Chapter 7 summarizes the whole research in this thesis, and provides suggestions for possible future

extensions of the present study.
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AL, KRGEMHEE L TEHEERAKRFMLTELT 7 22U 3 (a-Si:H)
DNT, BfyIalb—varylB®EmMmmIicky, 2017 aEESwIEE TN
TMREORREEELDTELDOTHY, BONTEERERITIUTOEY THDH.

. JUVFLBEHRFY NI ETNAVICEDTENLNLT 7 AEEO R B E % %
Lo, MKEE&EEIEEE (DFTB) {HEICES B N FFREICL Y 2m e
HEEMZITV, a-SitH OE T VR EER Lz, KFRESSHHAEE O R 72 5
SEIERF TN ONT, EEBESCEFOMELHH N, ERE OB AT
ST HFER, ZTOFETHERLEET ARZNBEFEIZHWONL D a-Si:H M EHE X
T sz xR LT.

2. a-SiHME Z e EEMm & #it g7 RITK LT, DFTBIE L FEEH7 U — B
BIEIZ X D2 EFWIEMRIT 21T o2, B ZWAREICIE A RX vy v T NO KM
VN DOFEEKRBICEDRBIKRBARKRELHFLHGLLTWDLZ EEHLNIZ L.
Fo, BMAmEEGICER _EEVERINDSZ L ERL, ZORK & E 1§
E~DEEL R L.

3. 7 MPICHYTARBEL T TORFYIab— 3 XY, a-Si:H M E
DN E B DEEX AT I 7 AT a-StHMEI O R Ry v 7
(Ee) ZHBINAXRZ MDD EEMICHAES 23 3R FIEZ KRG
L, GEHMOBWE 2520 FiksRELE.

4. FEEHT U a3y (c-Si) L aSiHONTnHEAEHELE-T T LV RE2MEL, 7
+ b BEIC K DB BEIEBEORE VI 2L —Yv a3y E{To2. c-Si
HDHWT a-SitH ~DO F—V U 7 ORBLEFEMITHN, Al F—7ilck s p &
PEMAR, P RF—7I2L s n B PEEEONTAE, RO WEMEEMRIZIL
RTCEMDBEEERM ET 22 2oL EHII, 2TUHD F—/y
MIBEMOBMKEZEET 20X RbL L2 L.

PLE, R a-SitHIZ2WT, 27 B8A7r—LOETNAERERLEEFVI 2L
—YarDFEEHEL, BEFRE~OKEOREEZH LT D ELEHIZ, 7
+ B T CTOEMDEESCHESBBELZFARIEHmO FTIEEZERL, TOHD
HERIELZ DO THY, Pk, BEELEFET 2250807, Lo T,
HBEE DS E R YRR RS EEZM - L, KA E L (%) OFMEED
FHRICET 20RO L. Fio, BMAF12H16H, XXARFELICHEHELES
HIZOW TR AT > T, HEEE DN EZ R A BGEEL - L TnD 2 & 2R L,
B LTRDT-.






