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���������	���
��������
��
��������������

� �

��������������� �!�"�#��$���%&��'����(%)*�*(�"��� +	+	,��-./012/3-4�05.163-�378�6./5372/3-�91:9.102.;�� <'��=�!��>�$!��(�?@ABC�"�D��%$!���%�"��E'�>���%��"��$!�$���)�������)F��'�D���)��$!��)�������)�(�%(�����"F�'��')*��$����"��$��&%��!�&&���$���(()�����%$"����GF�B�H��$!�I)H�?%��I)B�HC��)"%��E'�>���'��'�'��!$�""��$!�J%�$���$!�>�) �D%!�)�"��@AB���*"��)�#��)��*��"�%&�(������)�����)�K�$��F���"�)��$���$��)����!�&&���$���(�%(�����"�&%��"�$�)����*"��))�$�F�(%)*��*"��))�$��%���D%�('%�"�D������)"����<�>)��LMN��B�$���)�(�%(�����"�%&�@AB�"�D��%$!���%�"�=��'��%D(���"%$��%�����O������)� PQR STUPQTR VWUPQTR XWUPQTR YWUZ[\R YWU]̂\RP_̀ab_à[̂RRc̀dcè_QefR � � � � � ����������� !��D%$!� g�M>)�$!�� =���h���� =���h���� =���h���� =���h����i��������%$"��$��?jC� k�l�� l��l� ��m���n����������m�Nn�nk� ��m���no���������m�Nk�Np� ��m���No���m�k�No� ��m���NN���m�l�qo�r�$"��*�?���DM�C� p���� ��pN� s�Nk� ��p��r�$"��*�?�DM�C� ktNnpp� q�stNnpp� o�qtNnpp� q�stNnpp�ûeb_̀Qb[̂Rc̀dcè_QefR[_RSvvwR � � � � � �A�$!��(�x��?�yC� N�Np� p�l� ��p� �� ��ll� s�po�$��?�DM�C� NnNn� N�ktNnMN� o�ptNnMq� ptNnMs� N�qtNnMNn� NnM�N�A��� !%=$�&��)!�?y��DMNC� p�ktNnk� ptNns� �tNns� �tNns� ���tNns� N�ktNns�x)����%$�D%>�)��*�?�Dz�yMN�"MNC� Nlnn� �kn� onn� ��n� Nnnn� �nn�{%)��D%>�)��*�?�Dz�yMN�"MNC� lnn� kn� NNk� qn� �kn� Nk�x)����%$�!��&��K�)%���*�?�D�"MNC� NtNn�� p�ktNn�� ptNn�� ptNn�� p�ktNn�� N�otNn��r��)��������%$��$��|�� NN�o� q��� q�k� o�l�}~è�[̂R[��R�eb~[�Qb[̂Rc̀dcè_QefRR[_RSvvwR � � � � � �O�)��$��<�D(��������?�GC� Nknn� �Nnn� pknn� ppnn�<'��D�)��%$!����K��*�?@��DMN��MNC� N�k� k� k� k� N��� p�ok�{��!$�""�? ��DDMpC� Nnnn� �qon� pN�n� pq�n� �kn� NNnn�<'��D�)�!�)�����%$��%�&&����$���?�MNC� p�stNnMs� ��ptNnMs� ��m����tNnMs��������m���ptNnMs� ��m�k�stNnMs�����m���ptNnMs� ��m�l�ptNnMs������m�k��tNnMs�J%�$��D%!�)�"�?B��C� N�n� �knMsnn� lkn� �nnMknn� �kn� �nnM�kn���
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���������	���
��������
��
��������������

���

�	�	����������������������� !������ �����"�#"�����$�� %&'�()(*+(,+'�*-./01(2*/-�*-�+*2'0(230'�/-�2&'�4&56*7(+�40/4'02*'6�/.�8889-*20*:'6�*6�*-�6/1'�7(6'6�62*++�*-�40/;0'66<�(-:�2&36�62*++�6/1'2*1'6�7/-20/)'06*(+=�%&*6�*6�*-�4(02�:3'�2/�1'(630'1'-26�/-�6(14+'6�/.�>*:'+5�)(05*-;�?3(+*25=�%&'�1(*-�40/4'02*'6�/.�2&'�8889-*20*:'6�(0'�:'2(*+':�*-�%(,+'�89@=��A(B�*6�(�7&'1*7(++5�62(,+'�7/14/3-:�'C&*,*2*-;�6*;-*.*7(-2�&(0:-'66=�D/0�2&*6�0'(6/-<�*2�>(6�(220(72*)'�(6�40/2'72*)'�7/(2*-;6=�82�*6�(-�'C7'++'-2�7(-:*:(2'�./0�:')*7'6�/4'0(2*-;�(2�&*;&�2'14'0(230'<�2&(-E6�2/�*26�+(0;'�,(-:;(4=�F/>')'0<�:30*-;�5'(06<�:'64*2'�*26�;//:�1/,*+*2*'6�)(+3'6<�7+/6'�2/�2&'�G*�/-'6<�-/�:')'+/41'-2�*-�A(B�2'7&-/+/;5�>(6�1(:'�1(*-+5�:3'�*26�&*;&�62(,*+*25�*14':*-;�(-5�E*-:�/.�'..*7*'-2�(-:�36'.3+�'27&*-;�./0�:')*7'6�.(,0*7(2*/-=�H+B�(+6/�&(6�*-2'0'62*-;�1'7&(-*7(+�(-:�'+'720/-*7�40/4'02*'6=�D/0�'C(14+'<�(1/04&/36�H+B�*6�&*;&+5�*-2'0'62*-;�./0�G*�'+'720/-*7�4(7E(;*-;�6*-7'�*2�*6�)'05�&(0:<�&(6�&*;&�2&'01(+�7/-:372*)*25<�0'6*62(-7'�2/�&*;&�2'14'0(230'�(-:�(+1/62�(++�7&'1*7(+�40/:3726=�826�>*:'�,(-:;(4�&(6�(+6/�(+>(56�(220(72':�0'6'(07&'06�2/�2'62�*2�(6�(-�*-63+(2*-;�1(2'0*(+=�H+B�1(*-2(*-':�*26�40'6'-7'�(6�(-�*14/02(-2�6'1*7/-:372/0�2&(-E6�2/�*2�4*'I/'+'720*7�40/4'02*'6<�./0�630.(7'�(7/362*7�>()'�:')*7'6=�J/0'�0'7'-2+5<�H+B�&(6�0';(*-':�&*;&�*-2'0'62�:3'�2/�*26�(,*+*25�2/�./01�(++/56�>*2&�A(B�40/:37*-;�H+A(B�(-:�(++/>*-;�2&'�.(,0*7(2*/-�/.�H+A(BKA(B�:')*7'6=�J'7&(-*7(++5<�H+B�*6�*-2'0'62*-;�6*-7'�*2�&(6�(-�'+')(2':�L/3-;M6�1/:3+36<�(-:�*2�*6�)'05�&(0:=��� H6�1'-2*/-':�(,/)'<�2&'�4(02*73+(0*25�/.�8889-*20*:'6�*6�2&'�4/66*,*+*25�2/�;0/>�2'0-(05�-*20*:'�+(5'06�NH+CA(@9CBO�>*2&�2(*+/0':�40/4'02*'6�637&�(6�2&'�;(4�'-'0;5=�%&*6�0'-:'06�8889-*20*:'6�63*2(,+'�7/14/3-:6�./0�&*;&�2'14'0(230'�(-:�/42/'+'720/-*7�:')*7'6<�,32�(+6/�36*-;�&'2'0/9P3-72*/-6�:')*7'6=�%&'�64/-2(-'/36�4/+(0*I(2*/-�.*'+:�*6�(-�*-&'0'-2�4&56*7(+�40/4'025�/.�>302I*2'�6'1*7/-:372/06<�&()*-;�(�4/+(09(2/1*7�(00(-;'1'-2�(+/-;�2&'�79(C*6�>*2&�*/-*7�7&'1*7(+�,/-:6=�%&*6�4/+(0*25�(++/>6�2/�/,2(*-�(�2>/�:*1'-6*/-(+�'+'720/-�;(6�NQRSAO�(2�2&'�*-2'0.(7'�/.�(-�H+A(BKA(B�&'2'0/62037230'=�%&'�QRSA�./01(2*/-�*6�2&'�0'63+2�/.�2&'�;'-'0(2*/-�/.�7/1,*-':�4/+(0*I(2*/-�.*'+:6<�2&'�64/-2(-'/36�4/+(0*I(2*/-�*-�H+A(B�(-:�A(B�,32�(+6/�2/�2&'�4*'I/'+'720*7�4/+(0*I(2*/-�*-�H+A(B<�+'(:*-;�2/�2&'�'C*62'-7'�/.�(�QRSA�>*2&/32�(-5�:/4':�+(5'06=�%&*6�*6�&*;&+5�*-2'0'62*-;<�(-:�*6�2&'�1(*-�:*..'0'-7'�(-:�(:)(-2(;'�7/14(0':�>*2&�2&'�/2&'0�8889T�7/14/3-:6�&'2'0/62037230'6�+*E'�2&'�/-'6�1(:'�/-�H6A(=�� �	�	U���#V���# ����� H�)(0*'25�/.�63,620(2'6�7(-�(+6/�,'�36':�./0�2&'�;0/>2&�/.�8889-*20*:'6=�W-7'�(;(*-<�2&'�1/62�*14/02(-2�0'?3*0'1'-2�*6�2&'�;0/>2&�2'14'0(230'�2&(2�7(-�+*1*2�2&'�63,620(2'�7&/*7'<�:'4'-:*-;�/.�2&'�:'6*0':�70562(++*-'�?3(+*25=�D/0�4/+570562(++*-'�+(5'06<�40(72*7(++5�-/�+*1*2(2*/-6�'C*62�*-�2&'�7&/*7'�/.�63,620(2'6=�G*+*7/-�63,620(2'6�(0'�)'05�(220(72*)'�-/2�/-+5�,'7(36'�/.�2&'*0�&*;&�?3(+*25<�()(*+(,*+*25�(-:�+/>�7/62�,32�(+6/�./0�2&'�4/66*,*+*25�/.�*-2';0(2*/-�/.�G*9,(6':�'+'720/-*76�>*2&�>*:'�,(-:;(4�6'1*7/-:372/0�:')*7'6�XQYZ=�[/2&�\79,+'-:'�(-:�>302I*2'�A(B�(-:�H+B�'4*+(5'06�&()'�,''-�;0/>-�/-�G*�,5�T(4/0�4&(6'�1'2&/:6�637&�1'2(+�/0;(-*7�7&'1*7(+�)(4/30�:'4/6*2*/-�NJW]TR�/0�JWT̂ SO�/0�1/+'73+(0�,'(1�'4*2(C5�NJ[SO=�_63(++5�(11/-*(�*6�36':�(6�-*20/;'-�40'7306/0�(-:�2&'�1'2(+�40'7306/0�64'7*'6�(0'�20*1'2&5+;(++*31�N%JAO�(-:�20*1'2&5+(+31*-31�N%JHÒ�6*+(-'�7(-�(+6/�,'�36':�2/�40/)*:'�-9254'�:/4*-;�>*2&�
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��̂�.�� �_%�X� �� ������/�������������#�$��� ����"���̀ 1��"�����1 � 7():���1�#D$����������������� �+2�������������������� ����"���̀ 1��� !� ��E� 8**�����1��� � ���!�����E��������a�/��� �%�� X� ����"���̀ 1��"�����1 � 7():���1��� ����������������� �+��� ������ 1�������������������� ����"���̀ 1����������� 8**������ �.�����������.�� �_��D�/ %��̂��"��� � �� �����H��� �/�D��������"�����1 ���1����� ���������� 1�/�D�������������� ���������� � b����� 13�c�X� �/�D��������"�����1 �)��� � ������� ������ �� ��� �. ������������8*%�c� 8*����� �� ��C��������� ���Y���1�1 �� �� ��C����"����Z%�c�X� ���.� ���� �!�����E��������9������ �� ������ �#��C�1�"���.$H��� �"�� ���� �� ���1������C ���� �� ������ �� �]%�c�X� �/�D��������"�����1 ���� �. ������������ 8*���� 7() 9:, %�d��9�e�56 4�#fFHgF$H��� �"�b�"�"�����"�����1 �������1�� 1�������������3�� "�b 556#4h$8 9* *, - � B!%�4%_�X������ �1�"���.�������� �� �������������� �� ������ ������C ���� !� ��� �%�X� �"�b�"���/�D��������"�����1 ������ �� !������3�� "�b 6556#_h$7() 9 9:, - � B!%�4%i�c� �̂����/ �E��"����1�"���.�#ahee5$H� 8* *f 0��1�"�b 7() 9:, %�X� ���� �� ������ �!�����E������������D �1 � �"�� 1�DE��� ������C��.�� ������3�
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Here the movement has to be in plane, lateral, by contrast to the previous 

vertical structures with out plane movement (vertical). To favour a lateral movement, it 

is important to fabricate resonators with a thickness larger than the width. Typically, 

3C-SiC epi-layers are between 3-5 µm thick, thus lateral dimensions smaller than 3-5 

µm width are required.  

Moreover, using lateral movement is beneficial to obtain resonance frequencies 

reliabibility, since the resonance frequency is determined here by the width, and does 

not depend of possible 3C-SiC layer thickness variations, as it has been observed for 

vertical resonators. 

Etching process 

Figure 23. First attempts of releasing thin motives resonators (a) cantilever from sample 

266-Q1, (b) beam from sample 266-Q2, (c) cantilever from sample 266-Q3 and (d) 

diapason structure from sample 266-Q4.

As previously, the critical step for successful fabrication or resonators is the 

etching. Different processes were performed before obtaining very well defined devices. 

We will summarize the evolution and the main encountered problem with these thin 

motive devices.

Figure 23 shows the results of applying the typical process used in the last 

section. Structures were correctly released but the main difficulty was in obtaining very 

well defined thin patterns, as shown in figures 23(a)(b)(c) and (d). The width of the 

cantilevers is in the range 0.8µm to 2.5µm. Some devices, bridge-based, are 

successfully fabricated, with spectacular dimensions, 300 or 500 µm long (figure 23(b) 

or 26(b)), for 1 µm width and in the range 2-5 µm thick. No bending are present 

indicating that the material is good for mechanical structures. However, the borders of 
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the structures, fabricated during the first process, are not regulars due to ICP deep 

etching. At the beginning, it was mainly attributed to the Al mask, defined during the 

lithography step, and the use of CMOS not-compatible metals as etching mask, such as 

Ti or Ni, was believed to be a possible solution to obtain a better definition for the 

thinner devices of this mask. The results of using such an Al mask resulted, after the 

SiC etching step, in sidewalls not very well defined and was repeatable (figures 24(a)(b) 

and (c)) for another process but this phenomenon was more marked in some area zones 

of the sample. Therefore, another run with a back side polishing to reduce possible 

slight bowing and thus facilitate lithography step was performed. The result is shown in 

figures 24(d) and 25.

Figure 24. Generations of fabricated vertical resonators: (a) diapason structure from 

sample CRHEA266-Q4, (b) diapason structure from sample FlaSiC129, (c) cantilever 

from sample FlaSiC129 and (d) cantilever from sample CRHEA265. 

Polishing the back face, in addition to the front face, associated to a previous 

reduction of the bowing by an optimized CVD process, allowed to obtain a much higher 

lithography resolution and successfully obtain well defined devices thinner than 2 µm, 

as it can be observed in the SEM images of figure 25 for sample CRHEA265 and 

CRHEA495. Some pits due to some growth defects could remain but do not affect the 

behaviour of the resonators. 
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���������	
���������
��������

���

� � � �� �� � �� �� ��� �� ������ � � ��� !" # $ � %&'�(')*+,-,.��/0�1+,�23456�7384940:��;�1+,�5<14-<9�-,035<5=,�>-,&4,5=?:���1+,�9,561+�3>�1+,�=<51/9,@,-:���1+,�*/81+:�!�1+,�1+/=A5,00:� �1+,�6<B�C,1*,,5�1+,�=<51/9,@,-�<58�1+,�8-/@,-:�����<58�����1+,�<BB9/,8�@391<6,0�<58��;�1+,�=<B<=/1<5=,D�� � � ''�!�  E" � %&'�('F*+,-,��E�/0�1+,�@<=447�8/,9,=1-/=�=3501<51'�� G,93*:�/5�>/64-,���:�*,�=<5�0,,�1+,�9/5,<-�@<-/<1/35�3>�1+,�7,<04-,8�-,035<5=,�>-,&4,5=?�@<94,0�>3-�8/>>,-,51� �� ��� � �=37C/5<1/350�>3-�1*3�3>�1+,�=<51/9,@,-�01-4=14-,0:�HIJI�����K(��L7�9356K*/81+�=<51/9,@,-��<58�HIJJI����K(��L7�9356K*/81+�=<51/9,@,-�:�<==3-8/56�13�1+,�,&4<1/35�%&'�(')'�J5�1+,0,�=<0,0:�1+,�,M1-<B39<1,8�5<14-<9�-,035<5=,�>-,&4,5=/,0�*,-,��'�)N�<58��'N�OPQ:�<BB-3<=+/56�1+,�,MB,=1,8�-,035<5=,�>-,&4,5=/,0�8,1,-7/5,8�C?�<5<9?1/=<9�<58�R%O�<5<9?0/0�*/1+�S50?0'�R3-�,M<7B9,:�>3-�1+,�=<51/9,@,-�3>�1+,�>/64-,���:�<�5<14-<9�-,035<5=,�>-,&4,5=?�3>���)N�APQ�/0�,@<94<1,8�>-37�1+,�-,035<5=,�>-,&4,5=/,0�7,<04-,8�>3-�8/>>,-,51�@391<6,0:�=930,�13�1+,�T(U�APQ�B-,8/=1,8�C?�S50?0�0/749<1/35'�V+/0�0/749<1/35�B-36-<7�*<0�<903�40,8�13�B-,8/=1�B499I/5�@391<6,0:�1<A/56�/513�<==3451�1+,�04--3458/56�</-�,>>,=1'�J5�0/7B9,�1,-70:�1+,�B499I/5�@391<6,�=<5�C,�8,>/5,8�<0�1+,�@391<6,�<1�*+/=+�1+,�-,013-/56�0B-/56�>3-=,�=<5�53�9356,-�C<9<5=,�1+,�<11-<=1/@,�,9,=1-301<1/=�>3-=,�W��X'��
�R/64-,���'�%MB,-/7,51<9�-,035<5=,�>-,&4,5=?�@<94,0�<0�<�>45=1/35�3>�1+,�<BB9/,8�&4<8-<1/=�@391<6,�>3-��<��HIJI����(�K��L7�9356K*/81+�=<51/9,@,-�:��C��HIJJI��01-4=14-,��(�K�'N�L7�9356K*/81+�=<51/9,@,-�'�� S�7,0+�3>�1+,�01-4=14-<9�7<1,-/<9�/0�0+3*5�/5�>/64-,��(�<�'�Y/749<1,8�B499I/5�@391<6,0�*,-,�04B,-/3-�13�����Z�>3-�7301�3>�1+,�01-4=14-,0'�R3-�,M<7B9,:�>3-�<�(��L7�9356�=<51/9,@,-:�1+,�0/749<1,8�B499I/5�@391<6,�*<0�<-3458�����Z:�<0�0+3*5�/5�>/64-,��(�C�'�V+/0�7,<50�1+<1�[\]S\�,M=/1<1/35�@391<6,0�+<@,�531�13�,M=,,8�1+/0�@<94,:�*+/=+�/0�73-,�1+<5�1+-,,�1/7,0�04B,-/3-�13�1+,�35,�3C1</5,8�>3-�<5�,&4/@<9,51�Y/�8,@/=,'��� �
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����������������������� !�"�#�$ %�& �!���'������(���)�$*%�+���,���'"�! ��#� �-&�'"�! ������ ..���/�!"�!(��0 �!���'���$�1�2���"��)�3�4�5�/�)�����2��!(�06%���7
8
7��9:;<�=9<>?9><;=�� @!(����!��0!�����5������ ����/��A��. �!�0�� �)�!5"�0"�.��/�0 �!���'����B"������ �/� . �"���!��0!���)� ���!�0 ��*����������!(��B�������4��C(���6��/�"B��!��0!����������!����!���� �/����!(��* ���"B�!(��0"�*�/��'��"������"��!(���!��0!����"B�!(��B�������D)�5�!(�����!(� �/�5�/!(�"B��1� �/�3�4�2�����.�0!�'���)����"� �0��5 ���E.�0!�/� �"��/�3�F3�GHI�$B"�� �J"�����"/�����"B��41�K+ %���..������/�BB����!�'"�! ���0"�*�� !�"��)�!(�����"� �0��5 ��".!�0 ����"*���'�/�"����B"��!(��0 �!���'���0�"����!"�!(�� 0!� !�"�����0!�"/�)�!(��'�*� !�"��"B�!(��"!(���0 �!���'���*�����.�"* *���!""��� ���!"������!��G"��"'��)���0(� ��B"��!(��0 �!���'����!��0!����)��"����0!��0 ��0�����!�5 ���� ����/�!(�"��(�!(���� /"�!����0!�"/����"��311�L�-&�!(�����"� �0��B��M���0��5 ��3�F4�GHI)� �/���0�� ��/�!"�3�FF�GHI�B"���1�L�-&� 0!� !�"�����
���������4��NOG��� ����"B� �/� . �"���!��0!���)�$ %������ ��'��5�"B�!(���!��0!���)�$*%�I""��3� �/�$0%�I""��P��� G"���/�! ����0 ��*��"*! ���/�B�"��B�������D$ %�5(�0(�/�.�0!��!(��0( � 0!����!�0����."����"B�!(��/� . �"���A�0�� �����!(��-&�'"�! ��)� �0�� ���.����,�"B!�������BB�0!����'���B��/)� �/����!� /�0�/�*�� ����"� �0��B��M���0��/�0�� ������������F$*%��("5��!(��/�.��/��0��"B�!(�����"� �0��B��M���0��5�!(�!(�� ..���/�'"�! ��#� �B��/ ���! �����"� �0��B��M���0��"B�3FQQ�6HI�����E!� 0!�/)�5(�0(����0�"���"B�!(��"���!(�"��!�0 �����E.�0!�/��
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����������������������� ���!� "����#�$��!������������#�����%���&�'()�%�&"����*��+��������� ��#��,��� -�$�!��$�� ��.�"/�'()��#�"/��$��!������� 0��$����"�� "�����.�����&���#�+�� �"�$*�1��-��#�"/�1�$������22����322�41�&����#���5�41�.�$�*�����"� ���+����������#�������6��7"����.��"/�"����"��"/�"�"/�-�1� /��� �&&-������"���$�+��$����.������  ���#�&&-���&����$*���%��&������ ��1����"/���1!��"�� ���#�#�+�� �"����898:�.�"/�:�;���</��+��$����#�#�������6�+��/�����&���"/=.�$"/��#�322=5�41����!� "�%�&-���$�����>!� "�$�"��������"�������$�?��@AB�.�"/��"�"�@������"���  ���"���-��"������������� ��.����+���%�$�+�"��"���#��,��� -������$�C�?�@AB��</����������&-��>!&����$� ����$������"/��"����&���"������#�"/�� ��"�&�%��*�"/����� ��������"/���>!� "�$�������� ��#��,��� -*���������#���"/��%��"� �&�+��$�����D��!��%����&-*���� �!� �"�%�������&�.���$�"� "�$����
���������6��:98��1������#��&� "���"�"� �+��$����5�41�.�$"/*������22�41*��+��322�41�&������ </���!� "���.������ ��$�$�#���$�##����"�%�&"����� �1+���"�����#�������E����*�"/����&&�.����"���>"�� "�"/��#��$�1��"�&�������� ��#��,��� -��#�"/��+��$��*�C?��@AB��D���� ����,��� �*���"����&������$��&��"����������$�533�8F������%�&��"�$����
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�������������������� � !���"�!#����$�%��&����� �����$�����'���(�)*+�'�(#����,��%������ � !��$��-�� !.�&�"� &� !��/�#0�)*+��$�#0��%��&����� 1
2
3��455678�� 9�� ���� �'�(����$�!��:�!��:�!0� � ��"��!���,�/�#0�%�!;���&��"�(��0� �,�/��0�'���%#�� �&����"� &�&�&�'�!���/�#0�#0�!; ������0��0���#0� �<�=:�� &�/�#0�'��#�!�(���&�/�((��!(���(.�&�$� �&��>0� �&�'�!��,�/�#0�/�&#0��� �� ��$��:�?���=:�#��@�A�=:�/������!!���$�((.�$�%��!�#�&,�� &���:���$�#0�:�/�#0�(� �#0��"�#��A??�=:��>0���� �(��!�.�#�((� ��B�C����/ �� �(����D�����B�����&�� �#0���/��;�0�����'��(�&��#����#�#� &� ��:�!0� �!�(�"��"��#���,�/�#0�(�/��#����,�� &�0���&�:� �#��#�&�#0�#��#����� ��""��"���#�&�:�#����(�#�����(�E��B�CD%���&�FGFB�� ���!�::� �(�/D!��#�"(�#$��:,���� ��#0��/�((�!� #��((�&�B��%�(;�:�!��:�!0� � ��#�!0 �-�����F����'��,�#0������ �#���(�#���(�&���� ��((�/��#���'��&�"����%(�� � D� �$��:�#.��$�#0������(#� ��B�C�(�.�����&���#��:��:�#!0�/�#0���%�#��#���� &�#0���#0��"����%(�� � �� �$��:�#.�� ����� � !��$��-�� !�����$�'��#�!�(����� �#�����F����'��,�#0���H"���:� #�(�����(#��"���� #�&�0�����(���!(���(.��0�/�&�#0�#�#0�#�0��0������� � !��$��-�� !.��%.�I?�J��� &�0��0���-��(�#.�$�!#����:����#0� �<??J�������!0��'�&�/�#0�#0���:�#����(,�!�:"���&�#��� ��-��'�(� #�B��&�'�!���>0������"��#�!�(��(.�� #����#� ��$���0��0��� �� ���""(�!�#�� ����!0����:������ ������K0:�!�!� #�!#��/�����(����#�&��&��� !��#0���(�!#���#�#�!��!#��#�� ���-����&�#0��!� #�(�'���� &��(�!#��&���%���� ���>0������� �%(��'�(�����%#�� �&�$���!� #�!#������#�'�#.�/���� ���0�$����(�!#���#�#�!��!#��#�� ��L �#0����� ��,�#0��!� #�(�'��,�!� �#�#�#� ��#0��:�'�%(��"(�#���$�:�!��!�"�!�#���,�/���!����!#(.��!#��#�&,���'��(� ��#0�#�#0���!� !�"#�/��;��-��#��/�((��M�/�'��,�&���#��#0��"�����(�!#��!�(����(�#�� ��$�#0��B�C�(�.���$��:�#0��B��%�(;�� &�#�����D�:%�� #�:������:� #���/0�!0�����(#��� �(������#0����0�#0��%�(;�� &���(�/�-��(�#.�$�!#��,����"�!#�'�(.�,��#�/��� �#�"����%(��#��&�#�!#�� ��(�!#���#�#�!�&��"(�!�:� #�!���� #��>0���$���,����� � !��$��-�� !.�&�#�!#�� �/���� (.��"#�!�((.�"��$��:�&,�#0����0��%���'�#�� ��$�CCN��:����������� ����(����D%���&���#D�"���L#��""�����!(����#0�#�� ��((��(�!#��!�(��!#��#�� O&�#�!#�� ������-����&�� &�#0������"����%(��� (.�!� ��&��� ���#0�����%�#��#�������#0���:�#����(���>0��,�#���'��!�:��#0���"��%(�:,� �H#��#�&����/�((�!� !�� �#0��"����%(�������$�B�C�� �L ��(�#�������#��#� ����%�#��#��$������� �#���$�%��!�#�� ,�B�CKL��(�;��#0��BKL�:�#����(�$���B�(�!� �,�B�C�� ���:�DL ��(�#�&�B�(�!� ��BLB��� &�B�C�� �BKL��>0����:�#����(�������H"�!#�&�#���((�/��(�!#��!�(���� �(�:������:� #��#0����0�#0�����&D��#��(�!#��&�,�� &�#0����(���%� �$�!��(�$����#0����(�!#���#�#�!�&�'�!�����!0����:�!��:�#�������
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������������������������� ����������!�"��#� ����$$$%��������"�&�!!�����!������������������ ����'��� �(�����)�������"��������*����#���+�� ��+�(����&�����!������������������!�����&�!!�����!�������#����"������(�����!��&�,��*��������� ��+�� �� �+ ���!��+�����-#�����*������#�������. ��(������!��,��*�(��*�����+����!!����������"�&�� �� ������(�������"������������������!�"�&�!!�����!�����#�����&�� ��%�����!�� �+��( ,�/011�����'(�����2"��������#�����((���!�� �+��( ,����!����������1�3�4��&��� ���5��������� ��������������#!������� ��!�����������"��#��&��6� ��������*�����*���!�7���������!����+�� ��8�9�!�,����*����� ���#�������"������ ��������#�,�(�����!����!#�������*����#���+�� ��+�(����&�����!������������������������� :
:��;�<����=>?��;�<����@A@BCDEFC=C;B�D@FE>=CEDF�� $��8����� ��!�+,"�8�%��%$��#!�����/8�$2�&�*��������� �������#�����#����������$��� �������"�� ���#������'����!�,������#�������� �������*����!�*�!�"������#�(������8�����#��#������������!,���!���������GH%��������!#������H���������+��#� �8�9�������������#� ������� �!!��+��+��#������ ��!��6��*� �+ �-#�!��,���!���!���������������!����#!�����&�*�������!�+#������ ��8�$�����IJK"�J3L�M�� ����#��������������������IJNL����� ��+��&� ��*�09%8�9����8��������������� ����(���!�����O��&� �(����������������� ����&�����(����7������������������������+����-#�!��,���,���!!����!�,����G�+ �-#�!��,�8�9�!�,�������8���%$��#!����+���,���!!����8��/8�9P8$82��������8�$��#��������/8�9P8�$2� ���������+��&���. ��*������!��,��*����+!����,���!!����8�9���������������#!�����*����� ���#�������������!�������!!,������������ ��� ������������������Q��#!����*��!�������!�� ��������7������*���� ��*����������8�9��!����������������������������!�����(�����������!��+�� ��(�������!��*�� ����������!�*��� ��� ��������������!������������)R)8���� :
:
S�T=C@D;=AF�UDEVCW��8�����!���� �����*��� �����+�8�9�������#!����+��#��������� �����������(�����"�+��&��+�������!,����������#!����"��#� ��������( �#��8�0XK����8��J������!���������#!����+��#����������#� ������,���!!������(( ���"� �+ ����(����#���+!�������-#���7��. ��*�������((���� �&���#���+�(�!,��,���!!����8�9�����������������������!,���(�������������!�������!�,�����#� ����8��J�IJY%0ZL��G�&����"�� ��(������,���!!����-#�!��,����������/& �� ����#!�������(�����!�������!�� �������������2������������ ������� ��*����+!��8�9%��%���#!�����/8�9�$2���!#�������.��������'����"�(�!,��,���!!����-#�!��,�&������#+ �*���(��(���*#�������!��,�I0JL"��#��&�� �� ����������*�(�����!������#���,�������������������+�����������������������+�� ��#����*����+!����,���!�8�9��)�������"����&�����(������� ������+!����,���!�8�9���(������� ��-#�!��,�*������/!�&����+��������!�������2"�� #�����#���+��������!�!������I00L��8��+!��8�9�$�����������"���������� ������&�*���������+�I0KL���P������� %���6���� ��-#���I03L"�&�����!�����(�������8������*�� ����������#�����7������.��!��$[%\��$���������������+���������� ����!!�� ����(������!�����!�8�9������������&����������������������������#��#����*����(��������������##�����������]����+!�������!������!!�&���� �����+� �+ �������������,��#���������!�&�������������
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���������	�
���������
�
����
���

����

���������������������������������� ! �����"�#�!���! �������!�� �$������� ��!� ��� ! ������!��%&'������!��� (�)$���������"���! ������*�����# � �!��!�+���,�������!-��!��� ������ $��!�+�!��������� $������ $!���������� $� �.$���������  (�/$������0 �0����+�����������! �!� ���0���������� $��*�$ !�+���1�!����,�234�56�'%7� , ���(�� 8��� ����� �#�����!� ��!�0� �!+���*�#!���&%(�9��!�!��*�������*�-��� ���+$����,�*!  ��!����*�#������ ��0�*�����':7��;� $++� �!�+���+!�� ����*!���������;!*����!����  (�8����;!*��������#� ��$��������$�!�������������%<=��;(�8�! �! �������*�������!+������, ����.$��!�,"������$�!�������������+,���*� ���  ����������!��;!���>�?��������*�������� �$�����*�����@ ���AB9� ���!�������#C(�5��������� $++� ��*�D4EF������ �$�����*�>�?�! ������ �*��,����!;!�+���������>����*�?G�����!�,"�#�!�����!��;!���>�?�! �$�!�����(�8�! ������!�,������� ��!���$����������;!*��!�������"� !��������?G������;!*!-� ��� �������������>�G����(��
�)!+$���H(�'=%�@���  � ���!��C����>�?���,�� �@�C�+��#����!��;!���,����'!���*�@�C��;!*!-�*(�I /��  G ���!���'=%��!���+���� ����%<=�>�?� ���������������*��������;!*��!������� ��#��!���!+$���H(�>���!��:���!�$��@:�C���,���#� �*��� !��*����!����0���!��� ���,�!��+!�+(�5���� ������#!*��,��������*�����������!��������!��@2GH������!��C����!0���;!*��+��#���@>�2&HC��������>�?� $�����(�>� �����*� ��$��$���#� ���0����*�������!+$���H@�C"�����!��!�+������;!*��������!���@H3������!��C"��������;!*��!������4JJJK/�����4��(�8�! ���������,�+��#����,����;�!�!� �+��*�$�!����!�,�#!������� !����,����$���!���������#!�����������!�!�+�>�?(�?�0�������  "�����>�?��!���G ��$��$���#� ���*!�!�*���� �����;���*�#!����;���*�*�*����� ���*�*! �����!�� ������!�+��0!*���(�8�! �! ��������,�*$���������"��;,+���!���������!���!��������>�?���,�����*�'!�!����*!��$ !���!��������>�?"�!�(�*!��$ !������>����*�&����� �!��������'!� $� �����"��������$ �'!&;�!�������!�����,�����*���  !0��!������?�0�����!� ���*�������*����� �������*�*$�!�+�+��#�����$�*������������DHJ"HL"H3F(�:��0!�$ �#��� �DHLF���0���������*��;!*��!������� � !+�!�!�����,��!+���(�8�! ��;!*��!��������*����* ����������, ����!���.$��!�,��������>�?��������;!*!-�*M�>���,����,���,���������! ��������!�!-�*���, ����!���>�?������!�����,����,���������,�+��#���#���������� �����;!*��� � ����!���!+$���H(�8�! �������* �#!��������!�!���!�����������;!*��!�������$+������!�!�!���,������*��;!*�� $������@9���GN��0���!���������C���$ ����!�+�� ��������!�+���,��(�5��! �#������������!��������4JJJ�/���0������������� �����!������!�*�������� !�!�����������$�������!+�����;!*��!������� (�O����0���� ��0�*������!���$���$�����"�������������$�������0��,��,����$�*�3JK/�*����*!�+�������� �������� !�!��(�8�! ���$�*��� ���������;������!��"� !�����;!*��!������P3JK/�+!0� ��;!*��!��������0��$� � !+�!�!�����,� ������(�&����**!�!�������� �����$�*�������������>�G�����!�,��������%<=� ����������!���$����������;!*��!�������"� !����>�G������;!*!-� � ��#��������?G����(��



���������	�
���������
�
����
��

� ���

��������������������� �!"�#��$%����&'�(�)$�*�(�)$�%��%��'&���+���%#�%����&,����-"#�%�.��/#�&0�.�1�.��23���-"�40#5�%�.�'&���+���6#�%��.�7&����.��!89#�%�.��.#�&0�.�1�.��23��!89�40#��� :+��$%2�%���%2����%2�&�����2������$&�7+&2&��6%2�6+%�����%����;�%2�.�'�&$������07���$������'�������#���&���+���-"��%$72����+�����'%6���&7&2&�<����62�%�2<�.�''������/�'&���%�.�%'����&0�.%��&���+&��+��+���&��+������$��;%2��������$�2%���=(��$��-�'&���&0�.%��&�5��-"��23�7�������.�2%��������%6���.����&����7�/��6+����'&�$%��&�5�/�6&$����$&�����%��2%��&��/�//2�=2�>��%'����&0�.%��&����&���+��!89��23��%$72��5��+���$���&��+�������������'�6%��2<���6��%��.5�'�&$�(�?��$�/�'&���&0�.%��&�5��&�$&����+%��@��$�%'����&0�.%��&������'&���-"�&05��+��$&�7+&2&�<����$&�����%��2%�=2�>���+%��/�'&���&0�.%��&���:+��!"���$%�����������'�������#���;�%2��+%���+���-"�&0��%$72��7���������$%22���7&���.�����<�,+���6&$7%��.��&��+��!89�&0��%$72���:+���+��+���.�����<�&'���������6���&'�!89�&0�����������+%���+��&0�.%��&��$�6+%���$����$&����+���=.�$����&�%2=/%��.��!89��23��0+�/����%�$&����7&��<�$&�7+&2&�<�,��+�%$&�7+&��=2�>��$%����%2�62���������+�27�����&�7�&;�.��%�,%<�'&��%���%�����&0�.%��&���+�&��+��$7�&;�.�.�''���&���4���+��&�+���+%�.5�%��<7�6%2��7��%0�%2�2%<���/<�2%<���&0�.%��&��$�6+%���$�����07�6��.�'&���-"��23�/�6%�����+��$%2�&0�.%��&��&'��7��%0�%2��23�����%�+����2&,5�%���������.�%/&;���� A�<��%22����$�6�&����6�����,%����;�����%��.�/<�$�%���&'�B=�%<�.�''�%6��&���:+��%�%2<����&'��%$72������6�����%�.�6&$7&����&��,����6%����.�&���/&�+�����+��CDEC�-�%���-����%�&���&$���<�������%�F��%>��.�''�%6�&$�����,+�6+�+%��%�'&6���.�$&�&6+�&$%��6�A��G%H��&�%��.��&��6��,��+��%.�%��&��I�J�H�(�K�5�%�.�������%�-��>����B!�L�MM!��:+��BFM�7�%>��'&��%22��+���%$72���%����+&,�����'������(��:+���-"��23��0+�/���.�&�2<�&���7�%>�6&����7&�.�����&��+��,���1����7+%�������NN?#�&�����%��&�5�,+�6+�,%���2��+�2<��+�'��.��7&��&0�.%��&���3&�&�+���7�%>��,����&/���;�.�%'����&0�.%��&���8&2<6�<��%22�����23�7��������$%���7�%>��%��OO�?�P5�OQ�H?P�%�.�OR�S�P5�6&����7&�.�������7�6��;�2<��&��+���HNN#5��NN?#�%�.��HNH#�&�����%��&����:+��BFM�7%������&'�!89�'�2$��.&��&���+&,�%�<�.�'������6�<��%22����7+%��5�������������+%���+�<�%���$&��2<�%$&�7+&����%2�&��+�����'%6��&'�%�=��&,��!89��23����$���&�/��%$&�7+&���,��+��&���%����;���/2�#���'����&0�.%��&�5��+��7�%>��6&$72���2<�;%���+�.�%�.��&�&�+���%..���&�%2�7�%>��,����&/���;�.��T&,�;��5�



���������	�
���������
�
����
���

����

�������������������������������������������� ��������!��"����������#���$�%������������&�'(��������)��$����� ������$��������"�%��*�+�����#��*(�%����� ��,-.�"�$��������������- #/�&���� ���������������,.0�#��*��������1�$���������234����#��(����������$��� ��� �-�1�$������������)������#�� �/��
�5�� ���6/�,-.�"�$�������������������"�!�������������������789:����������%����$��1�$�;�$������/�< =	>	>��?@ABCDAE?��FECEAB@CDGEBDHI�� J����"#�������������K ���"���#��������-!�������L-M�������������������������&�'���$��1�$�;�$�&�'����#��������#�������$������� ���N/�J������K ���"��������L-M����� ��������%���OPP�*Q;����������;������������������������������/�J����������������%���R/61OP-S���8/�5������� ���N��������)������������T+U����#������!���%�����$�����$�#�����"#��)���!�������#-�"#��)��� ����������� ������#��#����������$�����T+U����%��/�J����)���!����%��������1#����$���$�2VT2����� ��������%���������#�������$�7��� ���W:/�V������)���������$������&����������!��)���������#�����$��������2��� ������%�����2����������!��$��� ��$���%��$������&�'���"��/�J����1������$�����#������������������!�� ��%���61OPOW���-S/�����



���������	�
���������
�
����
��

� ���

���������������������� !"#������$��������%���%�"&�'()��������"�%�&"���$��*�+��%���",��*'-.+���/�*0+�"1�/�2�/�3#4�*'-.�51+6���/�&"���$��*�+��%�/��"%���/�*)78+���/�*/+�"1�/�2�/�3#4�*)78�51+��� 9$��/��#��������"�%�����,�%�/����:���/�&�":��$��!�#���"&��$�������������6�,��$��$���������"��0��%�/����%��"�������:�#���"��:"/�����;<<�=>2��9$��$��$ ?�/��#���������"����@�"&��$����%�#��"���%���!���0@���/��#��������"�%�����&"��:"�" ��@%��##����3#4����"���/�����$��������"&�A ;<�B�CDEF��9$��/��#��������"�%������1����:����##@�/����:���/�&"���$��'-.�3#4�,�%�"&�GHI;<�D�*'-.+���/�GHIA�J�*'-.�"1+��9$��/��#��������"�%������1����:����##@�/����:���/�&"���$��)78�3#4�,�%�"&�GHIJ�K�*)78+���/�GHIK�<�*)78�"1+��L��������#��CEBF����"���/��$�����@%��##�����#�:����:�%�#������*3#1)�5D M+���/��:"��$"�%�*� )�5D+������&����#�#�@��%�����&"�:�/�0@�/�&&�%�"��"&�)����":%����"��$����%�#�����3#D5E�&�#:6�/�������$��:�#�"1�/���"��"&�3#4N)���9$�%�,"�#/��1�#�����$��&����"&�����/���/�/��#��������"�%������&����"1�/���"���)�������/���%�#��"��#�@��%�*��/�$����6��:"��$"�%�"��,��$�&�,�/������"&���@%��##����@�/����"��"#@�"�����" ��@%��#%+��%��##@��1$�0���#",���/��#��������"�%������$�����@%��##����:������#%�&�":������1��#���",�$�"��,��$���/���/���@%��##�2���"��CE�F��5�����%�#�%�%��:��"��"�&��:��$�%�����/��'-.�%$",%����"%���!��&#�� 0��/�!"#�����%$�&��,$�#��)78�%$",%���������!��%$�&���(��0"�$���%�%6��$�%�%$�&���%������/�����"��"&�������/��$����%�����$��0�#=�3#4���/N"������$��3#4N)�������&������"��0"�$6�'-.���/�)786��$�%�%$�&���%���/���/��&����"1�/���"���)78�%�:�#�%��#%"��1$�0�����:��=�/�$@%����%�%�0�$�!�"���$������"���%�&"����#������%#",������&��������%�/��%��@��������

OPQR OSQROTQR OUQR



���������	�
���������
�
����
���

����

�������������������� ���!"�#��!"�� ���$%�&'(�#���� )*��&��('��!*�!"�� ���*���"'+�'#���'����*&��,� '&�-��*������(�*���."������/0�"�!(�� ��123���4�'��!*�"�!(����'#�+ '�'+����&��+&5�-,�(�'*&�!"�� ��6��('*�(�� !��78�9��6 ���*���"'+��&�'�����*&��,�.:;<0�&��+��'�=�� �*�� ��-'*��'��+#!&���!�� ��4'#�*+��-'*��'*��+!*��+��!*�-'*�5�"!��� ��)#>�+'�'+��!�&��(�#�(�*����!*��?�,���'*��*?�,������&�-&��'��&5���&��+��4�#,5��&����&�*�����)*��*���"'+��&�'�����*&��,�!"�@�ABCDCC�+(?@�3?C� '&�-��*��B��'+����'��EFGEH�I�D�@A��3�"!��� ���$%�&'(�#�5�&�(�#'���!�C�/BCDCC�+(?@�3?C��B��'+����'��EJGEF�I�D�@A��3�"!��� ���$%�!B�&'(�#���)&�(�*��!*���'-!4�5����+'*�-���*"������� '��'�� �*�'(!�� !�&���KB�#',���=�##�'#(!&��+���'�*#,�+!*���-�����!�'*��*+��'&���*�&!(��=',�!"�� ����*&��,�!"��*���"'+��&�'��&�'*��=!�#���B�#'�*�� ��'*'#!�!�&��*���"'+����!������&�-�"!���'*��'"����!B��'��!*��� 6 ��:;<���!"�#��+#!&���!�� ��+!*��+��!*�-'*��"!��� ���LM�&'(�#���&�'#&!����&�*�����*�"������/.-0��)�#'�����*���"'+��&�'�����*&��,�!"���8BCDC@�+(?@�3?C� '&�-��*��B��'+����'��EJGEF�I�D�@A��3�-�"!���!B��'��!*��6 �&�(',�-��'����-������!�'�#'����*�(-���!"���&#!+'��!*&5��!�� *�&&�'*��#'���+��(�&('�+ �&�'��� ��)#>N����*���"'+�����&�('-#,���#'�����!�� ��#!=���(���'�������!=� ��6 ��O���4'#���&��*�"�+'*�#,���!�&��!�'�4'#���!"�A�DBCDCC�+(?@�3?C�'"����!B��'��!*5�= �+ ��&�+!(�'�'-#���!�� ���$%�&'(�#�5������!�� �� �� ���(���'�����'**�'#�*��= �+ �(�� ���(��!4��� ���*���"'+�'#���!������&��!��� ���=�� �'*��'(!�� !�&���KB��*���"'+�'#�#',���"!�('��!*��� �?3�(�'&���(�*�&� '4��-��*�+'������!���!*�� ������&���+����&�.�'���-�'&����*�'++�(�#'��!*�����5�*?�,����'���-�'&��!&���4��'*���?�,���*��'��4�0�'&�& !=*��*�"������P.'0���$%�=�� � �� ���+�,&�'##�*��Q�'#��,���&�#�&��*�#!=���#�'R'���+����*��+!(�'�����!��LM�"�#(&���$%�!B�'*���LM�!B��B �-�����'�����+���#�'R'���+����*��= �*�+!(�'����=�� ��$%�'*���LM5���&��+��4�#,��6 �&��&�'����-������!�'�+!��#����""�+��!"�!B,��*�'�!(&��*�� ��)#>�#',��&S�� ��"!�('��!*�!"�'(!�� !�&���KB��*���"'+�'#�#',���'*���'&&�4'��!*�!"�>�4'+'*+��&�'*��!� �����"�+�&�+��'��������*����!=� ��6�'*&�!����*�� ��('##,���!=*���K@�.'*�� �*+�5��*�'��*&�#'�!��=�� �'�����+�����"�+����*&��,0�'��#!=��'���4!#�'����&�"������-,�'���!+�&&�R*!=*�'&� !���*��+!*��+��!*�!��� !*!*�'&&�&������**�##�*��78/9���*�&�+ �&,&��(&5��#�+��!*&�'�����'������*�&�'��'##,�#!+'#�&���&�'��&����



���������	�
���������
�
����
��

� ���

��������������������� �����!�� ��"��#��$�%�&'(���!�#)�!�*�!�&'(�+,-�$.%�/01���!�#)�!�*�!�/01�+,-��� 2#��#�!���3��,����#� ����!��#�4#5���#6� ������#� �������!��4� �6��4��� 6�"��,! ����#46����4�������� ����$,������7��4��4���,����������,!%��)5#������,,"�!�5��!����#����65���������24�� ������#������.��!����������#���4��!��,������ �.� �!�#��+,-3�74�������5��  � ��!�6��4��� 6 �6�"�5,�"��������8���#,���9��4����4�#������,������"��4�� 4#,!�#��:�;��<�=:>?3��4��/�4#��@"��6�  �#��54��#6���3����74��4�#�,"��,����#� �7��4� ���������������"��#� ��6#�����4�� �������5#������,�.�������$.�������4���4�AB%������.,���#�� ��5���4���#�!�� �!�54� �3� 4#�,!�.�����,���.,���C#7�8��3�.���� ��#���4��-�8������� ���!�#�4���!����� ����#�5#����!�!�������4��+,-�,�"�����#7�43��4��.�������4���4����,��."��4���,����#��6�"�.��!� �#���!��24��,��@��������������!���!�."��4��8������� 3���,��,���!�."��#� �!��������6#!�,�.� �!�#�����#�����#� �.��!�!�����6�#���������������4��,#��,�,��@������������!�� ���� �����4������������=DE?3��#,,#7 ���/�4#��@"��6�  �#��6#!�,��F���4��#�4���4��!3��4���� �,��#�G.�,@�!�����G��,���!�0##,�G����@�,��6�  �#��� �!����#����,!G��4����!��4��6�,��)������#��#�����55�!��,����#� ����#��4���#�!����#��.��!�=:�?���#�����5� ���� �7��4�H#�,#6.�5#������, 3��4���)5��  �#��� �8�����,,"��!������,��#��4���#���4��/�4#��@"��6�  �#���24���)5��  �#� ��#��4#55�����#�!����#��/�4#��@"��6�  �#����!�0##,�G����@�,�6��4��� 6�����=:�?I�J �)5 KLM NO PQ RSBT UV WX YZ [� (\��]�J�� Ĵ; :; E_ �)5 �)5 DAQ̀ SN Q NO aS RS RS bB cdT UT UV W X YX Y X YZ [ Z [� (\��]�;�� Ĵ; :; E�)5 �)5Aef SN Q NO PQ RS gRS bB cdT UT UV W X YX Y X YZ [ Z [� (\��]�:�74���_a �� ��4���������8��h��4��! #���#� ����3�JP��!� ;P������#� ���� 3�N�� ��4���,����#�����4����3�R�!��#�� ��4��'#,�*6����#� ����3�S�� ��4����65�������3�Ed�!��#�� ��4��5��6����8��"�#������� 5���3�Sb �� ��4��4��4����\����"�!��,��������#� ����3� \�����#���4��
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results were obtained with a SiO2 cap layer (figure 2(d)), with a very low pit density. In 

this case, the post-implantation anneal have not resulted in such surface roughness 

increase, exhibiting a RMS value of 13 nm. However this no-negligible variation 

compared with the non annealed surface (1.5 nm) could be explained by the different 

thermal coefficients of expansion between GaN and SiO2 thus generating stress in the 

GaN layer, and resulting in increased roughness. 

Figure 2. AFM images of the Si-implanted GaN (a) as implanted (b) annealed without 

cap (c) annealed with graphite cap (d) annealed with SiO2 cap. 

After removing the SiO2 cap from PR sample, a 150 nm Ti/Al bilayer (35/115 

nm) was deposited both on protected and unprotected samples and annealed at 700 
o
C.

SEM images of the annealed Ti/Al on Si-implanted GaN and annealed without or with 

cap, are shown in figure 3.

Figure 3. SEM and AFM images of the metal bi-layer alloyed at 700ºC for the Si-

implanted GaN annealed (a) without cap (b) with cap layer. 

 Again, the metal contact of the sample annealed with protection showed 

smoother surface morphology than the one annealed without the SiO2 cap. Ti/Al 
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contacts are usually very rough, in GaN as well as in other semiconductors such SiC 

[20, 21]. This roughness mainly depends on the annealed temperature and is usually 

attributed to excess of Al and/or to its tendency to ball-up/oxidize for temperatures 

higher than 600ºC. On the other hand, Al and Ti react themselves forming different Al-

Ti alloys. SEM images have not revealed appreciable Al spreading, hence concluding 

that the Al-Ti alloy stick together. However the granular structure on the unprotected 

sample is clearly more visible than in protected sample, showing a clear correlation 

between the rms roughness value of the annealed Ti/Al contacts and the initial presence 

of pits from the GaN surface. 

Specific contact resistance was extracted by measuring the resistance vs. 

distance between the four-point transmission line method (TLM) patterns, shown in the 

inset of figure 4.  After metal alloying at 700ºC in Ar ambient for 90s, all the measured 

I-V characteristics showed that contacts become ohmic. Linear plots were obtained for 

both the implanted GaN without and with SiO2 cap. The average values of the sheet 

resistances of the implanted GaN for both the unprotected and protected samples, were 

119 and 428 / . These values correspond to resistivity ( ) of 2.38 × 10
-3

 and 8.56 × 

10
-3

.cm. The lower values of the sheet resistance for the unprotected sample when 

compared with the protected one are consistent with the higher N vacancies expected in 

the unprotected one, thus resulting in higher concentration of donors. The good fitting of 

the resistance variation between the pads vs. their distance, shown in figure 4 for the 

protected sample, indicate the good contact quality. However, we have observed a 

slightly higher dispersion on the extracted Rsh value for the protected sample. The exact 

reason for this is not completely understood but we believe that is related with the 

different thermal coefficients of expansion of GaN and SiO2 cap layer resulting in 

stresses and thus roughness increase after post-implantation annealing. 

Figure 4. Total resistance as function of the gap spacing for different TLM structures. 

Inset: SEM image of the TLM structure used to evaluate the c.

The specific contact resistivity extracted from these measurements revealed a 

clear dependence on the fact of having a protection cap or not. For one side, protected 

sample has shown a reduced contact resistance in the range from 1.1 to 2.8 × 10
-5

.cm
2
. This contact resistance value extracted was very uniform as shown in figure 5.

The uniformity of the value seems to correlate well with the uniform surface of the Al-

Ti alloy after the contact anneal. 
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                      (a)                       (b) 

Figure 14. Schematic of the reaction mechanisms between the metals and 

semiconductor after annealing and giving the ohmic contact mainly due to TiN 

formation along dislocations. 

These TiN islands could severely degrade the 2DEG if their density is too high 

thus compromising its electron density. It has appeared that performing a second 

annealing resulted in degradation of the contact resistivity of the sample 2 while sample 

1 shown an ohmic contact similar to the one obtained after the first annealing of the 

sample 1. 

Figure 15. SEM image showing the dislocations below the alloyed contacts. 

Figure 15 shows a SEM cross-section of areas with metals forming ohmic contacts. It is 

clearly observed that dislocations are disseminated along the nitride bulk on the areas 

where metal is present, confirming the above discussed mechanism. 

Summary

The formation of ohmic contacts in AlGaN is not still well understood and 

appears to be a complex process depending of many factors. Here the effect of metal 

annealing of the Ti/Al/Ti/Pt contact in different furnaces was investigated. A clear 

correlation has been found between the electrical results and annealings in different 

furnace. An annealing step at 860ºC for 1 min was chosen based on literature results and 

reported as the optimum annealing temperature. Two different annealings were 

performed in different furnaces for the same temperature and time. Annealing in an RTP 
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furnace based on a tungsten lamp radiation resulted in rectifying contacts while 

annealing in a conventional furnace has given truly ohmic contacts. Specific contact 

resistivity around 10
-3

.cm
2
 was achieved. This value is elevated enough but similar to 

others reported in literature. It could be improved by adjusting better the Al/Ti/metal 

barrier/Pt (here Ti) ratios and controlling precisely the TiN formation. This different 

behaviour can be explained by the difference in defects formation between the 2 used 

furnaces. In an RTP with radiation, the substrate is heated by radiation from a tungsten 

source, and a small change in the radiation affects temperature distribution in the 

substrate. Further, a desired annealing temperature may not be carefully maintained. 

Temperature fluctuations may occur more severely than in a furnace without radiation 

scheme. Moreover, possible defects are expected to be mainly formed at the radiated 

surface. Another possible explanation could be the amorphisation of the substrate, thus 

resulting in lower defects formation.  In the case of a conventional furnace, defects are 

more easily formed thus explaining the quasi-ohmicity obtained after annealing. It has 

been recently demonstrated that TiN formation mainly depends of dislocation 

formation.  

Summarizing for the ohmic contact formation in AlGaN/GaN layer, different reactions 

have to be favoured:  

1) TiAlx alloy that allows stabilizing the contact and prevent the contact structure from 

balling-up

2) A barrier layer on top of the Ti/Al, to prevent diffusion, minimize lateral flow and 

possible oxidation of the Al. This usually requires the use of a high melting metal such 

as Mo, Pt or Au. 

3) Favour reasonably the dislocations formation to promote TiN formation by an 

adequate annealing (temperature, time) and set-up (furnace choice). 

6.3 SiO2 on GaN 

Silicon (Si)-based metal-oxide-semiconductor (MOS) devices possess high 

quality insulating layers of silicon dioxide (SiO2) grown directly on Si using wet or 

thermal processes. This high quality oxide and interface play a crucial role in achieving 

high performance devices, preventing thus efficiently leakage current. Many 

semiconductor materials with superior electrical properties relative to Si, such as 

gallium nitride (GaN), do not currently form good semiconductor/insulator interfaces 

being detrimental for their use on high-frequency or high-power applications. 

The ideal insulator for GaN-based devices should exhibit a good chemical and 

thermal stability because GaN is expected to extend the silicon high temperature 

operation range. For this reason it should have no mobile oxide traps, low interfacial 

trap density and a dielectric constant higher than GaN to avoid premature breakdown at 

low electric fields. A large band offset of conduction and valence bands to provide good 

confinement of carriers is also a requirement. 

Due, to its very well established technology, large band offsets and low leakage 

current, SiO2 still remains the general insulator of choice for successful GaN 

MOSFETs. Other crystalline insulators such as MgO [30], Sc2O3 [31] or Gd2O3 [32]

have recently been investigated since they present ordered interfacial structure resulting 

in lower interfacial trap density but they also could induce high strain levels favouring 

thus the defects diffusion at the interface. Although its evident potential applicability, 

for example in a power switch device, there is much less information available of the 
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Experimental details 

AlGaN/GaN insulated gate HEMTs (MIS-HEMTs) have been fabricated on 

commercial Si(111). After a MBE growth at 920 
o
C of a 40 nm-thick AlN nucleation 

layer, a stress mitigating stack previously optimized to obtain a crack-free GaN layer up 

to 2–3 µm on Si(111) was deposited. This stack was basically formed by 250 nm of 

GaN and 250 nm of AlN. Then, a 1.7 µm GaN layer was grown at 800 
o
C, followed by 

the active layers. The active layer of the HEMT consists in a 1 nm AlN spacer to reduce 

alloy scattering and to enhance the electron mobility, and a 21 nm undoped AlGaN 

barrier with 0.3–0.31 Al mole fraction. Finally, the structure was covered with an 

additional 5 nm GaN cap layer. MIS-HEMT devices were processed as follows: First, a 

thin SiN passivation layer was deposited using the procedure described in [75]. Then, 

the device isolation was achieved by means of a 150 nm deep mesa etch realized by 

Cl2/Ar reactive ion etching. Source/Drain ohmic contacts were formed by a Ti/Al/Ni/Au 

stack annealed for 30 s at 750 
o
C by rapid thermal annealing. The gate contact was 

made with a Ni/Au bi-layer. A reduced source/drain contact resistance of 9 10
6

.cm
2

was extracted from the TLM measurements. 

Electrical characteristics  

HEMTs with 150-µm gate transistor with different drain-to-source spacing and 

channel length were fabricated. Measurements were performed on AlGaN/GaN HEMT 

and MIS-HEMT devices with a channel length of 11 µm and drain-to-source spacing of 

20 µm. Both devices demonstrated good pinch-off characteristics. The maximum drain 

current density at Vgs=0 V is 230 mA/mm for the reference PTC166 and reaches 375 

mA/mm for the sample SiN467. Figure 43 shows the typical DC I-V characteristics of 

these samples. Threshold voltages Vt of -4 and -10 V were extracted at 25ºC. Off-state 

source-drain leakage currents of 2 and 10 µA were measured at Vgs = -10V and Vds = 

6V. When compared with the reference HEMT, the passivated HEMT exhibits a higher 

drain current, especially at high electric fields. The higher drain current of the MIS-

HEMT correlates with a more negative threshold voltage Vth and a higher sheet carrier 

density Ns [75]. This effect is usually observed on the output characteristics whatever 

the gate length. The shift of Vth is mainly due to the increasing distance between the gate 

and the 2DEG and can be determined by the following relation: 

( )

( ) ( )
( )

1 2.5
( ) ( )

n Cs MIS HEMT HEMTV V
th MIS HEMT th HEMTn C

MIS HEMTs HEMT

dox B V V
th HEMT th HEMTdr ox

Eq. 6.12

where dr and dox are the AlGaN and dielectric barrier thicknesses (21 and 45 nm), B and 

ox the layer permittivities of AlGaN and SiN (8.8 and 7.4). 
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Figure 43. Output characteristics of 10 µm × 150 µm gate devices realized on the 

reference HEMT PTC166 and the MIS-HEMT SiN467 (Vgs is varied from 0 V to -10 

V).

The DC Ids-Vds characteristics of these transistors are shown in figure 44 for different 

temperatures. 

Figure 44. Drain current Ids at Vgs = 0V in 11 µm × 150 µm gate devices varying 

temperature for the (a) HEMT and (b) MIS-HEMT. 

As can be inferred from this figure, the drain current was significantly reduced 

with temperature, down to Ids = 100 and 160 mA/mm at 200 
o
C for the HEMT and MIS-

HEMT.  A pinch-off voltage of 4 and 10 V was extracted at 25 
o
C for the HEMT and 

MIS-HEMT respectively. It was reduced with T up to a value of -6.5 V at 200 
o
C for the 

MIS-HEMT while it remains similar for the HEMT (figure 45). The transfer 

characteristics shown in figure 44 were measured at Vds = 6 V. The maximum 

transconductance was evaluated in the range of 80 and 44 mS/mm at 25 
o
C and 45 and 

24 mS/mm at 200 
o
C for the HEMT and MIS-HEMT respectively.
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Figure 45. Drain current Ids at Vds = 6V in 11 µm × 150 µm gate devices varying 

temperature for the (a) HEMT and (b) MIS-HEMT. 

Figure 46. Experimental transconductances gm for different temperatures for the (a) 

HEMT and (b) MIS-HEMT 

6.4.4 MOSFET vs HEMT for high temperature applications 

In this part, based on the temperature measurements obtained previously, we will 

compare the characteristics at high temperature of different GaN transistor devices, 

MOSFETs and MIS-HEMTs. The MOSFET and MIS-HEMT devices studied here have 

similar active areas, i.e., source-to-drain spacing. However, it is clear that the MIS-

HEMT devices are capable of handling a higher level of current. To evaluate such 

current properties, specific on-resistance (Ron) has been estimated with the power device 

equation [76, 77]:

1 1I
ds

R V WLon ads

       Eq. 6.13
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2

( )
L
dsR HEMTon

q nn s
                     

2

( )
( )

L
chR MOSFETon

C V Vn ox gs th

Eq. 6.14

Where W is the channel width and La is generally the active area for power 

devices, i.e. the area where there is carrier flow within the device. Here, La has been 

defined for HEMTs as the source-to-drain spacing (Lds=20 m). La can be defined also 

as source-to-drain spacing (20 m) for MOSFETs, although the channel length region 

(Lch=2 m) is by far the main contribution to the on-resistance. However, to be more 

precise, the effect of the contact resistance should be added. 

For MOSFETs, the transconductance current (gm) increases with temperature, 

while for HEMTs is reduced. Their specific on-resistance (Ron) follows the same trend 

as pointed out for gm. Specific contact resistivity ( c) to implanted Si N
+
 GaN also 

diminishes with T, whereas for AlGaN/GaN c remains practically constant. 

The MOSFET’s field effect mobility increases with T being a trade-off between 

surface roughness and interface traps Coulomb scattering. Analogously, the HEMT’s gm
decrease with T is attributed to a significant reduction of the 2DEG gas carrier mobility 

due to polar optical phonon scattering. 

The MOSFET principle of operation in GaN is not substantially different from 

one transistor defined on Silicon which is well known: depending on the gate bias, one 

can create a depletion region containing immobile negatively charged acceptor ions. A 

further increase in the gate voltage eventually causes electrons to appear at the interface 

creating a low-resistance channel where charge can flow from drain to source. The main 

but crucial difference is the lack of a high quality native thermal oxide which results in a 

poor interface. It appears to be a problem common with other wide band gap dielectrics 

and/or other insulator stacks other than thermally grown SiO2. Therefore, text book 

theory for GaN MOSFETs should not be straightforward applied without taking into 

account surface scattering effects and Coulomb interface trapping in particular. As 

already seen in the previous section, the mobility can be described by Eq. 6.4, the 

Coulomb scattering at interface traps described by Eq. 6.8.

The physics behind the HEMT transistor is notably different. It has been 

suggested [78] that surface AlGaN donor-like traps are the source of the electrons in the 

2DEG channel, being these electrons driven into the channel by the strong polarization 

fields. Effectively, the positively charged donors in the AlGaN produce an electric field 

which creates a potential well in the GaN, confining electrons to a narrow strip at the 

interface, and leading to a quantization of the energy-band structure into sub-bands. 

This two-dimensional electron-gas density is a function of AlGaN doping level, its 

passivation scheme or the presence or not of an spacer layer [79], but it is typically in 

the range 5 10
12

-10
13

 cm
-3

.

The main scattering mechanisms in a 2DEG channel are well reported [79-83]. The 

2DEG mobility is modelled analytically as the sum of several contributions including 

acoustic deformation-potential, piezoelectric, polar optic phonon, allow disorder, 

interface roughness, dislocation and remote modulation doping scattering. Therefore, 

the total relaxation time could be calculated as the sum of the relaxation times due to 
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����������������� �! ���" �#�" ��$%�&�'($���"��)(����*�%#����" ����'��"��#�+��������,"��,�)����-�. �����))���#,���#�" ��/��&�'($���"��+��%�����'(�������+�#"��"��(('�"�'/���"%�����#,���"����+�"���"�'/���"%����" �������'($���"����(/��)(��(0�#!�" ��,�����,���/ (#(#���/�#��#,�-�. ���)(��1������ �! �'($���"��$�����, �##�����//�����"(�$��'(������2%�"��)(��" ��#�0� �! ����))�,��#"�/(0����0�", �$�����(#���*�3��/�,�������)��"����#("���2%��������+�"��"�'/���"%����()�(/���"�(#��" (%! �(/�#����%��1����" ��#(�'����4(#�$� �+�(�1�!�"�����&�!��,%���#"��#����+�,�������$���"�1���'��#-�� 5
6
7�
899:;<��. ���=�, ���,"����"�,��()���!#�����*4$�����>?@A�.���#��B�>.��"��#���"(����"����+�"���"�'/���"%��������,('/������#�" �����,"�(#-�. ��"��#�,(#�%,"�#,��()�>?@A�.���#,�������0�" �"�'/���"%���0 ����CD���,�������0�" �E�)(��B�>.�-�. ���/�,�)�,�(#4�����"�#,��()�" ��>?@A�.����'%, ����!���" �#�" ��(#4�����"�#,��)(��" ��B�>.�0 �, ������/�#��#!�(#�" ��'($���"��()�" �����,"�(#���#�" �������/�,"�+��, �##���-�. ��, �##���'($���"��)(��>?@��#+����(#��#�������, �##���������F"��,"���)�('�" ��(#4�����"�#,�-�G ���,����4$�����'(���������%����"(�)�"�" ���F/���'�#"���"��#���"(��'($���"�-�>?@A�.�'($���"������#�/��,"�,����)��,"�(#�3+���>�"" �����#H��I%����()�" ����*�$%�&�'($���"���%��"(��,�""���#!��))�,"���"�" ���#�%��"(�J��'�,(#�%,"(���#"��)�,�1�'��#���=(%�('$��,�""���#!��"��#"��)�,��"��/�-�K#�B�>.�"��#���"(���(/"�,���/ (#(#���'�"���'($���"�1�0 �, ����" ��'��#���'�"�#!�'�, �#��'1������������ �! ���" �#�" ��$%�&�'($���"��)(����*��#��)(��" �������(#������, �##���������$���"(� �#����'%, �'(���,%���#"���#��"��)(����!�+�#�����#�$���1�'�&�#!���*�$�����B�>.��"�%,"%���� �! ����#"����"�#!����" ��$�����)(���#���+�#,���/(0�����'�,(#�%,"(���0�", -����� 5
7�
899:;<�� K#�" ���/��"1�" ��'��#��"�/��)(��" ��)�$��,�"�(#�()�����*�"��#���"(����+�,�� �+��$��#��#+��"�!�"��-�@%�)�,��,���#�#!�1�( '�,�,(#"�,"�)(�'�"�(#�"(�@�4�'/��#"�����*�(��L���*��#��@�?����/(��"�(#�0����/����'�#�����"�/��"(���+��(/�����*�"�, #(�(!���"�=*>-�. ���)(��1�" ��)���"��B4��*�>?@A�.�� �+��$��#��%,,���)%����)�$��,�"����"�=*>�%��#!�.�?@4$�����@�?���#�� �+��� (0#�/�('���#!����%�"�1���/�,������)(�� �! �"�'/���"%���(/���"�(#-�A�0�!�(%/���#��%�(/�� �+����/(�"���" ��)�$��,�"�(#�()�����*�>?@A�.1��#��������, ����,%���#"����#"�#���"(������M������*�"��#���"(����+�,��" �"�,(%����%$�"�"%"��" ��@��(#��"(��%�/�����"����'�"�"�(#����0�����#� �! �)��2%�#,��" �"��#�/(0���(�� �! �"�'/���"%����//��,�"�(#�-�B(0�+��1�" ��($"��#���'($���"����0�����(0�,('/�����"(�" (�����/(�"���)(��" ��L���*J��*�B�>.���+�,��-���/�,�����#"����"� ���$��#�" �#�)(,���M����#�" ���&�#��()���+�,��1�"(�"�&��/�()�"�()�" �����+�"��������!���,�������'($���"��/����#"��#�" ���� �"��(�"�%,"%���-�A(��" �������(#1�" �����"�/��"��#"�(�%,���" ��,(#,�/"�()�B�>.���+�,����#��" �����,"��,���, ���,"����"�,��'���%����0�" �"�'/���"%��-�L�G ��" ����� ������(���,�#"���$�!�#��"�=*>�,(#,��#�#!�" ��)�$��,�"�(#�()�����*�B�>.���+�,��"(�/�(�%,����#(�'����4())�/(0�����*��0�", �NOO4P�OOQJRL-�. ���,(#)��'��" ��, (�,���#���"��"�!��()�" ��=*>�"(�/%��%��0�" �" ����*�"�, #(�(!���#��(/"�'�M��" ����))���#"�/�(,�����-�����
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